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APPENDIX 

TO 

FEBGUSON'S LECTURES 

ON 

MECHANICS, &c. 



The object of the following Appendix to FergusoiCa LeckLres 
is to supply in some measure their defects and omissilns, and 
at the same time to give a full account of the discoveries and 
improvements in Practical Mechanics, and other branches of 
Natural Philosophy, in a manner suited to the popidar and 
unpretending character of the original work. In order to do 
this in a somewhat systematic manner, we shall follow as much 
as possible the order of the Lectures, and give such a form to 
the Supplementary Chapters, that they may be read with ad- 
vantage without any particular reference to the corresponding 
subjects in the first volume, 

CHAPTER I. 

ON MECHANICAL AGENTS, OR THE FIR§T MOVERS OF 

MACHINERY. 

As every kind of machine must be set in motion, and kept in a 
state of action by the continued exertion of some mechanical 
agent, either animate or inanimate, we are led first to inquire 
into the nature, and mode of application, of the difierent powers 
which have been employed as the first movers of machinery. 

VOL, II. B 



2 ON THE FIRST MOVERS OF MACHINERY. CH. I. 

These powers are — 

1. The force of men and animals ; 

2. The force of water; 

3. The force of wind ; and 

4. The elastic force of st6bm and heated air. 

To these might be added the force of springs, and the force 
of gravity ; but as springs require the force of man to renew 
their state of tension, and as weights require to be elevated by 
the same maans, they tnigbt mdier 'to )be considered as inter- 
mediate or secondary agents for producing small mechanical 
effects during the intermis^ons of the first mover. 

Sect. I — On the Strength of Men and Animals, 

The force of man was no doubt the earliest mechanical agent 
that was employed to produce any useful effect, and he formed 
not only the first mover, but the machine itself. The singular 
adaptation of the human frame to the purposes of active life 
readers the force of man oae of the most valuaUe, and, at the 
same i^me, one of the most universally applicable first movers 
of machinery. It is therefore a matter of great importance 
to ascertain the manner in which his exertions will yield the 
greatest quantity of useful work with the least quantity of 
bodily fatigue, or with a degree of fatigue compatible with the 
preservation of his bodily healtii. 

Exeepting a few insulated, though useful observations, by 
Bernoulli, Smeaton, Desaguliers, Emerson, and other authors, 
the subject of the strength of men has been indebted almost 
wholly for its illustration to the labours of M. Coulomb. 

1. The first object of this able philosopher was to ascertain 
the quantity of action which was exerted when ascending a 
stair either loaded or unloaded. 

He found that a man could ascend the stairs of a house at 
the rate of 16 yards in a minute, provided he did not ascend 
more than 20 or dO yards. Hence he concluded, that if the 
average weight of a man is taken at 150 lbs. avoirdupois, the 
quantity of action which ho thus furnishes will be 

8560 lbs. avoirdupois, raised 1 yard in 1 minute ; 
and if he isr>gupposed capable of continuing this action 4 hours 
a-day, his daily action will be 

£l454O0>lbs.f avoirdupois, raised 1 yard in.l hour. 
M. Coulomb likewise proved that a man unloaded ascended to 
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tthe Mig^l^ of 1^ yards by steps cut in the iqck in 20 minutes, 
hn^t nfXfiB of %he workmen would engage to continue this for 6 
hours, or do it 18 times cuday, for the ordinary wages. By 
w^f^niiMjjg d^e rate at which M. Borda, with ^ party of sailors, 
ascended jjie Peak of T^^riffe^ Cjoulomb concludes that a man 
in ascending with ease a convenient stair, will give daily a quan- 
tity of action equal to 

4)30 lbs. avoirdupois, raised 1000 yards ; 
or, since Coulomb considers this as decidedly too low, we may 
safely take the easily recollected expression of 500 lbs. avcnrdu- 
pois, raised 1000 yards. In order to compare this quantity qf 
acticm with thi^t which a m^n can fumi^ loaded, Coulomb fo\in4 
that a man loaded with 150 lbs. of firewood could raise daily 
about 

250 lbs. avoirdupois 1000 yards, 
and that a strong man could by great exertion raise about 
300 lb?, ayqkd^ipois IQOO yards. 

Hence, taking the first result, which is an averf^ one, the 
quantity of action of a man when unloaded and loaded, is 
in the ratio of 500 to 250, or two to one nearly. 

'V^.b^ a man ascei^ds a stair loaded, he rinses his own weight 
^vg with the 1q£^, but the only useful effect which he prq- 
dnce^ ,is the eleyation of Ijhe load. If the load Yfere gradually 
increased, the .total quantity of his daily acticm would ^imini^h, 
and if it amounted to about 330 lbs. avoirdupois, he would 
scarcely be able to move it. If, on the contrary, he ascended 
without a load, the useful dSect would be nothing, although his 
fictual quantity of action was then a maximum. There must 
therefore be betweep these limits a certain load which will give 
a maximiun effect. By following Coulomb^ .method, we shall 
find that the effect will be a maximum when the load is about 
3-4ths, or 0.756 of the weight of the man, or about 113^ lbs. 
avpirdupois ; and tha,t,the useful effect of a.m^ ascending a stair 
and properly loaded, is 

137 lbs. avoirdupob raised 1000 yards. 

Consequently this mode of employing a man consumes nearly 
S-iths, or 0.766 pf hi^ real action ; and he will cost five times 
more than a piAU who iifter hp-ying a§ceji4ed the stair unloaded, 
raises a weight by allowing himself to descend by gravity 
through the height to %hich be ascended. 

If we suppose the man is so loaded as to perform no work, 
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then the formula would give for the action 260 lbs. avoirdu- 
pois, which is not far from the weight which an ordinary man 
can lift or just carry.^ 

The next object of CoulomVs consideration is the quantity 
of action which a man can furnish when he walks on a hori- 
zontal roadj either loaded or unloaded.- • . * 

When a ma.n travels for several successive days unloaded, he 
can eas'dy walk about 54,680 yards, or about 31 miles a-day, 
which 'gives for his quantity of action 

7700 lbs. avoirdupois, carried 1094 yards. 
We likewise find that the average quantity of action fiimished 
by porters carrying furniture or loads of any kind amounting 
to 130 lbs. is . • 

Ir 

4400 lbs. avoirdupois, carried 1094 yards. 
Hence the quantity of action lost is . t 

3300 lbs. avoirdupois, carried 1094 yards. 
And if we suppose the losses of action to be proportional to the 
load, we shall haVe ' - « 

130 : L = 33,000 : ^^^= ^.37 L. 

Hence the real quantity of action will be 7700 — 26.37 L ; 
and making this equal to nothing, we obtain L = 304 lbs. as 
the greatest load which a man can carry, a result coinciding 
very nearly with that given in the preceding note.* 



^ The following very simple fonnulae I have deduced from those given by Cou- 
lomb, by supposing that the number of kilogrammes which a man can raise through 
one kilometre daily, when ascending a stair unloaded, is thrice his own weight, and 
that the quantity of action lost by being loaded is I4 times the load. Putting L for 
the load, A the height to which the man ascends with that load. daily, and fF.the 

man's weight, then Lh = y^ S. L " ^ W J^ L ' ^*"C" ^>ccomes a 

maximum when L^W i*/~^^ 1) = 0.732 W. When jL = 2 FT we have 
3 TT— 1^ jL = and A = 0, which shews that when the load is equal to twice 
the weight of the man, or about 300 lbs. he loses the power of ascending. 

* By considering that the weight which a man can carry daily through the distance 
of 1 kilometre, or 1094 yards, is 50 times his own weight, supposing what is very 
nearly the case, that the loss of action when he is loaded with 130 lbs. is 25 times 
the load rused through the height above mentioned, I have deduced the following 
ample formula from those of Coulomb's, d being the distance through which he 
carries the load £>. 

Ld= C60yr^25L)L ^^^_ 60W^25L 

which becomes a maximum when Z = FT (i^/Tl— ID ^ 0.732 W, VHien 
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The next case considered by Coulomb is that in which porters 
return unloaded to carry away a new load. 

His general result is, that a maximum effect will be produced 
when the porter carries a load equal to nine tenths of his own 
weight, and that his daily quantity of action will be 

1533 lbs. carried 1094 yards. 
The load usually carried by porters under the circumstances of 
this case, is very nearly 135 lbs. or 0.9 W. ^ 

From the above results it follows, that the quantity of action 
furnished by a man. walking unloaded, and a man walking un- 
der the circunistances of the present case, is as 505 to 100, or 
nearly as 5 to 1. 

'• Although the quantities of action of a man ascending a 
stair is not of the same kind with that of a man walking freely 
on a horizontal road, yet it is interesting to compare them to- 
gether, as Coulomb has done. i . 

The quantities of action in these two cases are as 205. to 
3500, or as 1 to 17. Now, if we take the height of a .step at 
6 inches, we shall have 17 X 6 = 102 inches,, the length of ho- 
rizontal road which a. man. can travel with- the saiAej degree, of 
fatigue which he experiences in ascending a step of 6 inches, 
and if the pace of a man is 30 inches, it follows, that a njan ex- 
periences the same degree of fatigue in ascending one step of 
6 inches as in advancing about three paces and a half. 

L =^ W, then 50 W — 25 P = 0, and <£ = 0, which shews that when the load 

is equal to twice the weight of the man, or 300 lbs. he can no longer cany it. 

It is a singular circumstance that the ratio between L and FF, when the effect is a 

maximum, eiiould be so exactly the same in the two cases of a man carrying a bur- 
den on a level road and up a pair of stairs, and that this should take place by such 

a slight change on the numbers of Coulomb. Hia results are— . 

in ascending a height, - . . jL = 0.754 w 

In walking along a horizontal plain, - L = 0.7S fV 



Mean, - - . X = 0.737 WT, 

a mean which, if nearly the same as the result L = 0.732 FF, which we have just 
found for both cases. 

3 I hare also simplified Coulomb's formulae for this case by considering that 
IV D = 50 W; that Z>, the distance a man can travel unloaded, = 50 
kilometres, and substituting 25. in place of 25.37, as before. Coulomb's for- 

mula is L X = ^ ,„ ^ "T*^^ r- 9 the portion of action which is equal to the 

2 kVD -f- L(D — by *^ ^ 

useful effect which a man can furnish in a day. By the above subst^itutions we have 

i D (100 ir 4- L) ' ^ ' 

L = 280 (V 14 — 1) or Z; 0.8089 fT, nearly the same as Coulomb'^ resiUt. 
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Having thus followed Couloinb through the most general 
and most useful part of hid investigation, we shall present the 
remainder of his results, along with those which we have al- 
ready given, in a tabular form, the weight of a mim being sup- 
posed 70 kilogrammes.^ 

Table^ shewing the Quantity of Action which a Man can fur- 
nish in a day^ when his strength is exerted in va/rious ways* 



Kilbgniiimei 



Kilo- 
metre* 



1 . When he walks on level ground unloaded 2500 carried 1 

2. When he walks loaded with 68 kilo- 

grammes, and returns unloaded for 
ahothef" burden^ the tLseful effsct is ^3.4f 

3. When he tralks always loaded - 912 

4. When a man carries a load oh a wheel- 

barrow, the usefid effect is - 1022.7 

5. When a man ascends a stair unloaded, 

the mechanical effect is - - 205 

6. When he raised a weight for driving 

piles, the usefid effect is - - 76 

7. when he draws water from a well by a 

double bucket, the usefid effect is - 72 

8. A man coining money by raising a 

'weight^ - - - 40. 

9. When he ascends a stair loaded with 

53 kilogrammes, the useful effect is 56 

10. A.mean of these three results - 68 

11. When he exerts himself in turning a 

winch ... 116 

12. When he digs with a Spade, the total 

eflfectls* . - ^ 100.4 

This effect is composed of three separate 
ones. 

1. The raiising of the earth and the spade is 43 

2. The action of sinking the spade into 
the groundj is .... 53.6 

3. The labour of breaking the clods, and 
smoothing the surface, which is about 



^^5 of the whole work is 



3.8 



< A kilogtatnme is 2 lbs. 3 oz. 5 dr. avdiiddpois, and a kflometre if ittaify 1094 



' This H^stiit 18 so mtteh le^s than the f>Tec^diDg, beckuse at ihe mint the men 
wrought 15 months in succession ; whereas, Aose who dtore ^es irent to another 
kind of work when they were fatigued. 

^ In fine weadier a man dug 181 square metres. The vpade went about 25 
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Stich are tfite leading results of Coulomb^s experiments, which 
establish majx^. points of singular importance. We would re» 
commend them to practical i men. as deserving their particulajr 
study, and tm^ likely to be of great advantage to those who 
may judiciously carry them into effect on a.larg^ scale. 

The following results, given on the same scale us those of 
Coulomb, have been collected by M^ Haohette^ The number 
expresising t}ie kilogrammes, both in this and the preeeding 
table, are called by the French writers dynamical unitSf a dy- 
namical unit being the weight of a cubic metre of water, raised 
to the height of a metre. Hence, the number of kilogrammes 

that are raised one kilometre are dynamical units. 

KilogiMQ* RikMn. 

k A man. w^hing 70 Idlogrammes, who 

walks 7^ hours a day, on a declivity of 

14 centimetres to 1 metre, with a load 

pf 7 or 8 kilognunmes - . 225 raised 1 

% A man marching in a mountainous country 

with a load . - . 140 1 

3. A porter carrying wood up a stair (the 

weight of the porter included) - 109 1 

N. B. This is the case, No. &. of Cou« 
loinb^s Table, where we did not include 
Ae weight of the porter* 

4. A porter carrying cofds up a stair, liie 

weight of the porter included 113 to 120 1 

5. A ma» raising a weight by a pulley^ 40 1 
Gk A man raising a w^gkt by a pulley for 

driving ]Mk6 ... 48 1 

N. B. This result was obtained by M. La^ 
mande, from the work of 38 men, who 
raised a weight of 587 kilogrammes for 
drivii^ piles. 

7. A man drawing a boat a la bricole - 110 1 

In the fbllowiiig examples^ the dynamical 
unit is a cuUc metye of water carried a metre 
upon a horizontal road. 

8. A soldier loaded with from 30. to 25 kilo- 

grammes, and travelling 20 kilometres 

a-day - - - 1800 to 1900 carried 1 

centimetres deep. Each spadeftil weighed 6 Jdlogramines, and was raised to the 
height of abeut 4 deeunefarei. A cnbic metre of the soil weighed 1898 kilogrammes. 

* Some results are so high as 75* 
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Kilogram. Kilom. 
9. A Roman soldier on forced marches of 44) 

kilometres a-day - 44^0 to 4t800 carried 1 

10. Hawkers with crotchets (weight of man 

not included) - - 792 to 880 1 

11. Porters drawing a small waggon on 4 

wheels over ground pretty unequal, and 
often clayey. Guinevau Essom swr les 
Machinesy jp. Hn - - 626 1 

12. Porters drawing a small waggon on 4 wheels, 

runninfftipon horizontal planks^ 900 to 1000 1 

13. Porters running on the ground, where 

there are inequalities of surface - 600 1 

14. A man drawing a boat on a canal (50,000 

kilogrammes transported 1 1 kilometres) 550,000 1 

Before we conclude this part of the subject, we shall subjoin 
various other estimates of the force of men and horses, which 
may be of use in particular cases, though the results have 
been generally obtained from experiments not very judiciously 
conducted. 

Table of the Strength ofMen^ accordmg to different Authors. 



No. of pounds 


Height to which 

the weight is 

raised. 


Time in which 


Duration of the 


Names of the 


raised. 


it is raised* 


Work. 


Authors. 


1000 


180 feet 


60 minutes 




Euler 


60) -g 


il-s 


1 second 


8 hours 


Bemouilli 


26 J- g 


220 J- g 


145 seconds 




Amontons 


170)£ 


l)£ 


1 second 


half an hour 


Coulomb 


1000 


330 


60 minutes 




Desaguliers 


1000 


226 


60 minutes 




Smeaton 


SO 


H 


1 second 


10 hours 


Emerson 


30 


2.43 feet 


1 second 




Schulze 



According to M. Amontons, a man weighing 133 French 
pounds, ascended 62 French feet by steps, but was completely 
exhausted. 

A sawyer, according to the same author, made 200 strokes 
of 18 French inches each, with a force of 25 pounds in 145 
seconds. 

An ordinary man, according to Desaguliers, can turn a winch 
with the force of 30 pounds for 10 hours, with a velocity of 2i 
feet per second. ^ 



SECT. I. 



ON THE STESN6TH OF MEN AND AHIM AL8. 



Two men, according to Desaguliers, working at a windlass 
with handles at right angles to each other, can raise 70 pounds 
more easily than one man can raise 80, an additional effect of 
five pounds being produced on the work of each man, in con- 
sequence of the uniform action arising from the handles being 
at nght angles to each other. 

A man may, according to the same author, exert a force of 
80 pounds with a fly, when the motion is pretty quick. 

A man may also, with a good pump, raise a hogshead of 
water 10 feet high in a minute, and continue the work for a 
whole day. 

According to Dr. Robison, a feeble old man raised 7 cubic 
feet of water = 437^ pounds avoirdupois, 11 ^ feet high in a 
minute, for 8 or 10 hours a-day, by walking backwards and 
forwards on a lever. 

A young man, weighing 136 pounds, and carrying 30 pounds, 
raised 9^ cubic feet of water, = 518^^^ pounds avoirdupois, 11 J 
feet high for 10 hours a-day without being fatigued. 

Recording to Mr. Buchanan^ the forces exerted by a man 
acting at a winch, pumping, ringing, and rowing, are as the 
numbers 174^, 3856, 3883, and 4095. Now, if we take Cou- 
lomb^s measure of action for turning a winch, which is 116 
kilogrammes through 1 kilometre, or 256 poimds avoirdupois 
through 3281, we shall have the 



Nature of the Action. 


Mechanical EflEfect 
KHog. Kilom. 


lbs. 
aroird. 


Feet 


Mechanical effect of turning 1 

a winch j 

Mechanical effect of pumping 
Mechanical effect of ringing . 
Mechanical effect of rowing . 


116 through 1 

190 through 1 
259 through 1 
273 through 1 


^56 

419 

572 
608 


3281 

3281 
3281. 
3281 



On the Force of Horses. 

The following table contains the relative strength of horses, 
asses, and men. 

1 horse is equal to 5 men, | g^^^i'^'"'- 

1 7 men, Bossut, &c. 

1 14 men, Schulze. 

1 ass .... 2 men, Bossut. 

2 horses, according to Amontons, exert a force of 150 pounds 
when yoked in a plough. 
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1 horse, according to DesoguUera, can cbraw mA a^fixroe <b§ 2D0 
lbs. 2i jmks an honr^ and conHiiiue tliia adLitXifor & holiiw 
every day. Whea he es£sts a focee of S/M)r poiuods,,. I^ 
can continue it only 6 hours eveiry day. 

1 horse, by means of pumps, can^ according to Hr. Smeaton, 
raise 250 hogsheads of water 10 feet high m an hour. 

1 horse walking on a good road, and loaoed with about 9 bum 
dred weight, can travel 2B miles in 7 or 8 hova^ 

1 horse raising eoak bymeais of a wbedt and axle, and nuMiiHl; 
at the rate of about 3 nules a& hover, caB, accfiffdin^. to Mr. 
Fenwick, raise a load of 1000 pounds avou:d|ipois> witJi a ve- 
locity of 13 feet per minute, and continue this for 12 hours. 

1 horse, according to the same author, can exert a force of. 75 
pounds, moving at the rate of 18 feet per minute, and con- 
tinue it for 9i hoxjffff. 

Aceor^ng to Rqgnier, the mean^ dntuglkt of 4.hs»EBc6 was Stk 
myriogrammes in 794? hours. ,. „. 

1 horae can draw more lip a steep hill tb«u:\.tbvee la^a can 
carry ; that is, from 450 to 750 pounds. Desaguliersk 

1 strong horse can draw 2000 pounds in a cart^ up a. slieep hill 
whi(£ is but short. Desaguliersi 

1 horse has sometimes carried 650 or 700 pdtin^ for T^oi* 8 
miles without resting, as its ordinairy work. I>gs2^ulieFS; 

1 horse at Stourbridge carried 11 hundred weight of ihkid; or 
1232 pounds for 8 miles. Desagulier& . 

1 mule works in the West Indies, 2 hours, out of about 18), 
with a force of about 150 pounds, walking 3 feet in one ^«- 
cond. Cazand. 

From Desaguliers^s measure of the force of a horse already 
given, it follows that its force is. 

Pounds. Foot. 

According to Desaguliers, 44,000 raised 1 in 1 min.' 

According to Smeaton, 22,916 ... 1 in 1 

According to Hachette, 28,000 ... 1 in 1 

AccOTding to Mr. Watt, 33,000 ... 1 in 1 

Mr. Watt's steam-engines are, however, calculated to work 
equal to 44,000 pounds, raised 1 foot per minute, as he con- 
siders the difference, or 44,000 — 38,000 = 11,000 pounds 
rmsed 1 foot per minute, to be lost in the friction, &c. of ^ the 
engine itself. 

The power of one horse is supposed capable of driving 100 
spindles with preparation cotton water twist, 1000 spindles 
with preparation cotton mule yam, and 75 spindles with pre- 
paration flax yam. The following ane the results respecting 
horses given by M. Hachette. ' 
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meuured by 
Kilog. Kikmi. Ac dnv^ 

and the zoad 
trvrtSkd, 

1. A cart horse 140 X 40 .... 5600 

2. Aposthorse 90 X 38 .... 3490 
8. A norse nkprmg m a Gircle^ and work- ) 

Hig a jpuilip, j 

4. Id. workii^ 18 hours, and nd»ng plaster, 1684 

5. Mean of 3 horses working at a pump, 1185 

6. Mean of 8 horses raising water by a ) oqa r 

pump, j ^^^^^^ 

7. Two horses raising coals, .... 

8. A horse drawing a load of 150,000 \ g^ 

kilogrammes mrough 8 kilometres, J 
9« The foroe of a horse acdne 84 hours 1 jtnwiL 
isequalto .... T ... J- *^* 
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UftAU 



t)7iiaiiiiad 



585 

595 

675 

1560 

OoubtftiL 



iAllti.9 



St&t. Ih^^-^On the Force of Water ^ andike mode of apfliip/ng it 

to drive Machmery, 

In onploying water lus the first morer of machinery, it is ap- 
plied to the circumference of wheels, from the axis of which the 
power is immediately oonreyed to the other parts of the ma- 
chine. 

Water-wheels derive their names from the different ways in 
which the power of the water is applied to them, and are di- 
vided into, 

1. Undershot wheels. 

0. Overshot wheels. 

3i Brelust wheels ; and 

4. Wheels driven by the redaction of water ; which we shall 
describe in their order. 

j. On Undershot wheels. 
An undershot water-wheel is a wheel having a number of 
plane surfaces called float-boards projecting from its drcum- 
ferenee^ fdr the purpose of receiving the impulse of the water, 
Whibh is delivered by a sloping canal, and with great velocity, 
upon the und^ part of the wheel. 

^ This reside is deduced from the fact, that a horse can dra^r 140 pounds with 
the Tcioci^ of 300 feet in a minute. iFor farther information on this subject, see the 
Biifibi&gk EfuychpcedSny Akt J^fHkanicBy yoL ziii, p. 960. 
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This kind of wheel is represented in Plate I, Fig. 1, where 
Ww is the wheel with 24 float-boardst and n o one of the float- 
boards receiving the impulse of water which has acquired great 
velocity by descending the inclined miU-course A B D F K M. 
In the erection of undershot wheels, the principal points to be 
attended to relate to the construction of the mill-<x>ur8e, the size 
of the wheel, the number, form, and position of the float-boards, 
and the relation between the velocity of the water and that of 
the wheel, in order to produce a maximum effect ; but as these 
wheels are commonly applied to mills for grinding com, we 
shall introduce under this section a description of cbm-raiUs. 

On the Constructiofi of the MiU-Course.^ . , 

On the miU- As it is of importance to have the height of the 
coune. fall as great as possible, the bottom of the canal or 

dam, which conducts the water from the river, should have a 
very small decHvity ; for the height. of the. wateivfall will di- 
minish in proportion as the declivity of the canal is increased. 
Plate I. On this account, it will be sufficient to make J B 
^«- !• slope about one mdi in 200 yards; taking care to 
make the declivity about half an inch for the first 48 yards^ 
in order that the water may have a velocity siiffideht to. pre 
vent it from flowing back into the river. The inclination of 
the fall, represented by the angle G C U, should .be 26° 60' ; 
or C Ry the radius, should be to (? 12 the taagent of this angle, 
as 100 to 48, or as 26 to 12 ; and since the surface of the 
water Sb \% bent from a b into a c, before it is precipitated 
down the fall, it will be necessary to incurvate the upper part 
BC D of the course into B 2>, that the water at the bottom 
may move parallel to the water at the top of the stream. For 
this purpose, take the points B^ 2>, about 12 inches distant from 
C, and raise the perpendiculars B E^ DE; the point of inter- 
section E will be the centre from which the arch A 2> is to be 
described ; the radius being about 10 J inches. Now, in order 
that the water may act more advantageously upon the float- 
boards of the wheel W Wy it must assume a horizontal direction 
JffiT, with the same velocity which it would have acquired 
when it came to the point G : but, in falling from C to G, the 
water will dash upon the horizontal part H Gy and thus lose a 
a great part of its velocity ; it will be proper, therefore, to 
make it move along F jH, an arch of a circle to which D F and 
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iT H are tangents, in the points F and H. For this purpose, 
make 6 /'and Crjffeach equal to three feet, and raise the 
perpendiculars H I^ F I^ which will intersect one another in 
Oie point /, distant about 4 feet 9 inches and 4-lOths fixxn the 
points. jP. and H^ and the centre of the arch F H will be deter- 
mined. ' The distance H K^ through which the water runs be« 
fore it acts upon the wheel, should not be less than two or three 
feet, in order' that die different pordons of the fluid may have 
obtained a horizontal direction: and if ^f be much hvger, 
the Velocity of the stream would be diminished by its friction 
on the bottom of the course. That no water may escape be- 
tween the bottom of the course K H and the extremities of the 
float-boards, K L should be about 3 inches, and the extremity o 
of the float-board no should be beneath the line HK X^ suf- 
flcient room being left between o and M for the play of the 
wheel, or Kh M may be formed into the arch of a drcle KM 
concentric with the wheel. The tne LMV, called by M. 
Fabre the course qfimpuhion (le c&ursier ^impulsion )y should 
be prolonged, so as to support the water as long as it can act 
upon the float-boards, and should be about 9 inches distant 
from O P, a horizontal line passing through O the lowest point 
of the fall ; for if O Z were much less than 9 inches, the water 
having spent the greater part of its force in impelling the float- 
boards, would accumulate below the wheel and retard its mo- 
tion. For the same reason, another course^ which is called by 
M Fabre, the course of discharge (le coursier de decharge), 
should be connected with i JIf F, by the curve VNyto preserve 
the remaining velocity of the water, which would otherwise be 
destroyed by falling perpendicularly from V to N. The course 
of discharge is represented by VZ, sloping from the point O. 
It should be about 16 yards long, having an inch of declivity in 
every two yards. The canal which reconducts the water from 
the course of discharge to the river, should slope about finches 
in the first 2f)0 yards, 3 inches in the second 200 yards, de- 
creasing gradually till it terminates in the river. But if the 
river to which the water is conveyed should, when swoln by 
the rmns, force the water back upon the wheel, the canal must 
have a greater declivity, in order to prevent this from taking 
place. Hence it will be evident, that very accurate levelling is 
necessary for the proper formation of the mill-course. 



In order to £md tbe Inr^tfa of tbe 4a9urge pf disdi^^i^, ivul- 
ti^y the qunntitjr of vat^ e^^peodod i|^.|t secpyd,^ ^B^asurecjL in 
cttUc fieet) by 756, for a i&^t oiwub^. Multiply the pqitare 
coot Q£dK(,dK beiagfiMind by ^bt]:a^Qg OK^orP ft^ each 
e(|iidl to afoot, fr^mi.(JO«r & H^ thefaeightcf tibe fall) by OZ, 
<m: I of a foot, and «kK) by 1000, ami fbe product ijnll he a se* 
eond irnmber. Divide the firat nuad;»er iby ^ second, and i^ 
quotient :wiktl be neaijiy the least bi^adt^ of the eounsie .of d^ 
choi:^. If the breadth of the cowie, thus found, should be 
too gneat or too small, the point L has been placed too far fro^ 
O, or too near it. Increase, therefcnre, or diminish O L; and 
having aubtcaoted firom dOorbP, the quantity by which O K 
is greater or less than a foot, rq^eat the operation with this new 
value of i JT, and a more oonvenient answer will be found. The 
preceding rule will give too large a breadth to the cou^ie, when 
the expense of water is great, and (fae height of the fipjU incon- 
siderable. But the course of discharge ought always to h|ive a 
very confflderaUe breadth, which should be greats than -that 
of the course of impulaon, that the water haviug room to 
spread, imay have less depths and that a greater height may be 
procured to the fall, by making O Z, and consequently ^, as 
ffiooall as possible ; for the breadth of the course is invers^y a$ 
O Z, diat is, it increases && O L dinuQisbes, and diminishcySia^i it 
increases. The reader may suppose that this rule ^ill leaves us 
to guess at the breadth of the course of discharge ; by t, ficom 
the purposes for which it is used, it is «aay to kpow when it is 
excessively large or small ; and it is only wiien this is the oa^e, 
that we have any occasion to seek for another breadth, by taking 
a new value of O i. 

The section of the fluid at f[ should be rectangular, .the 
fbreadth of the stream having a determinate relation to its depth. 
OEf there is very much water, the brendth should ^be tr^lethe 

^ The quantity of water expended in a second may be found .pretty accurately by 
measuring the depth of the water at a {A B^ the bottom of the eanal, being nearly 
horizoDtal, and its sides perpendicular), and the breadth of the casfd at the same 
p^Dce. ^Ti^e.the cube, of the depth of the water in feet, .and extract t^ sfluafe p>Q^ 
of.it Xii<3ltip^(fbis root by the br^th of the canal, and also by $07. Divide the 
product by 100, and the quotient will be the expense of water in a second, measure^ 

in cubic feet. This rule is founded on the formula, x = 5*07 hycfi \ .where x is 
the quantity of water expended in a second, 6 the breadth of the canal, and d its 
depth. 
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depth ; if there .is a iB0€brate«qua9ility, tlie IneaAth should be 
double the depth ; aB&a ^ tkeare is very little water, the breadth 
and <depth -should be equaL That this relation may be pre- 
^ived^ thetcourse at the pcMnt JC must have a certain breadth^ 
^hiah may be thufi found : — ^Divide the square root of d JT 
.(found ascbeTore) by the quantity of water eiqpended in a second, 
<andextcact the ^quaoce root of the quotient. Multiply this root 
by .62S, if the b^adth is to be triple the depth ; by .5159 ^ ^ 
as to be double ; ^and by ^4, if they are to she equal, and the 
product will be the breadth of the course at JT. The depth 
i)f .the water rat JT is .therefore known, being either one third, or 
one (half of the teeadth of the course, or equal to it, accordix^ 
rtothe quantity of water furniahed by the -stream. 

In f!ig. 1, £ uP is called 'the fa6^o2M^,^i2Z, which is PiateJ. 
tfound by levelUng. ^Draw the horizontal lines b d, ^^ ^* 
JPO; dO will thus be equal to &iP, and will likewise be the 
absolute fall. The rekOivefaU is the distance of the point d 
^firomttfae fiuffaoe of the water at iT, when the depth of the water 
is considerably J^s than JiT, but 'is ireckoned from the middle 
of the water, at jIT, when d JT is very-small.^ The relative fall, 
therefore,! may be .determined by aubtracting O JT, which is ge- 
nerally a foot, from the absolute ifall dO^ and by aubtractiiig 
.^so either the whole or one half of the natural depth of the 
twater at JT, according as (Zdr.xs:great or small in proportion to 
this d^pth. 

The next thing to be determined is the breadth « , . - 
of the courseat the top of the &11 -A, and the breadth the coune at 
of the canal at the same ^^auce. To find this, mtdti- ?^*^P°^*^^ 
.ply the quantity of <water expended in a second by 
lOQ, .for a first number,; take such a quantity as you would 
wish, for the d«pth .of the water, .and, haviqg cubed it, extraat 
its square root, and multiply this root by 507, for a second 
number ; divide the first number by the second, and the quo- 
tient will be the breadth required. The breadth, thus found, 
may be too. great or Jtoo Bmail in. relation to the depth. If this 
be the case, take.onehalf of the breadth, thus found, and add 
to it the number taken, for the depth of the water ; the sum will 

^ The depth of the water, here alluded to, is its natural depth, or that which it 
would have if it did not meet the float-boards. The effective depth is generally two 
and a half times the natural depth, and b occasioned by the impidse of the water on 
^6>aoa6*b!Nn!ds,nrhicb forces it 4oswdl, «iid increases its action upon the^heel. 
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be the true depth, widi which the operation is to be repeated, 
and the new result will be better proportioned than the first. 

The mill-course being thus constructed, we may 
water fi^. now find more exactly the quantity of water furnished 
nuhcd in a i^ ^ second. For this purpose, subtract one half the 
• depth of the water at KtrorndK, and having mul- 

tiplied the remainder by .67195 extract the square root of the 
product. Multiply this root by the breadth of the course at K 
multiplied into the depth of £he water there,^ and the result 
will be the true expense of the source in cubic feet. 

In order to know whether the water will have siUScient force 
to move the least millstone which should be employed, namely, 
a millstone weighing, along with its axis and trundle, 1550 
pounds avoirdupois, take the relative fall, increased by one half 
the natural depth of the water atJT, viz. dK (Fig. 1), and 
multiply it by the expense of the source in cubic feet ; if the 
product is 3^.95, or above it, the machine will move without 
interruption. If the product be less than this number, the 
weight of the millstone ought to be less than 1550 pounds, and 
the meal will not be ground sufficiently fine ; for the resistance 
of the grain will bear up the millstone, and allow the meal to 
escape before it is completely ground. 

As it is of great consequence that none of the water should 
escape, either below the float-boards, or at their sides, without 
contributing to turn the wheel, the course of impulsion, JT F, 

Plate I. should be wider than the course at iT, as represented 
Fig. 1 and 2. Jn pig^ g^ where C 2>, the course of impulsion, cor- 
responds with L Vin Fig. 1, AB corresponds with H K, and 
B C with K i. The breadth of the float-boards, therefore, 
should be wider than m ti, and their extremities should reach a 
little below Bj like w o in Fig. 1. When this precaution is 
taken, no water can escape, without exerting its force upon 
the float-boards.* 

On the size of the water-wheel^ amd on the nv/mber^ magnitude^ 

a/nd position^ qfitsJloatJfoards. 

Size of the The diameter of the wheel should be as great as 

water-whed. possible, unless some particular circumstances in the 

' That is, by the area of the rectangular section of the stream at JT. 

* See Da Buat*s Traite D^HydravUqw^ and Fabre Swr letMiu^dntaHydravUques* 
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construction prevent it ; but ought never to be less tl^ian seven 
times the natural depth of the stream at K^ the bottom of the 
course.^ It has been much disputed among mechanical writers, 
whether the wheel should be furnished with a small or a great 
number of fioat-boards. M. Pitot has shewn, that when the 
float-boards have differentWegrees of obliquity, the force of im- 
pulsion upon the different surfaces will be reciprocally as their 
breadth : thus, in Fig, 3, the force upon h e will be pi^te i. 
to the force upon DO as DO to he,^ He therefore ^- *• 
concludes, that the distance between the float-boards J^*"^®^ 
should be equal to one half of the arch plunged m according to 
the stream, or that, when one is at the bottom of the ^^'^ 
wheel, and perpendicular to the current, as 2> £, the preceding 
float-board B C should be leaving the stream, and the succeeding 
one F G just entering into it.^ For, when the three float-boards 
FG, DF, B Cf have the same position as in the figure, the 
whole force of the current N M will act upon D JS, having the 
most advantageous position for receiving it : whereas, if another 
float-board d e were inserted between F G and D -B, the part 
% g would cover D O, and, by thus substituting an oblique for 
a perpendicular surface, the effect would be diminished in the 
proportion o( D O to ig. Upon this principle it is evident, 
that the depth of the float-board D E should always be equal 
to the versed sine of the arch between any two floating-boards, 
D E being the versed sine of E G. For the use of those who 
may wish to follow M. Pitot, though we are of opinion that he 
recommends too small a number of float-boards, we have cal- 
culated the following table upon the above principles. It 
exhibits the diameter of water-wheels, the number of float- 
boards they should contain, and the size of the float-boards, 
when any two of these quantities are given. According to M. 
Pitot, the proper relation between these is of so great import- 
ance, that if a water-wheel, 16 feet diameter, with its float- 



^ The diameter here meant is double the mean radimy or the distance between the 
centre of the wheel and the middle of the natural stream, which impels it, or what is 
called the centre of impulsion. By adding or subtracting the half of the stream's 
natural depth, to or from the mean radios, we have the extmor and interior radius 
of Ae wheel. 

^ See Traite d*Hydrodynamique, § 771* 

7 Mem. Acad. Par. 1729, 8vo, p. 359. 

VOL. II. C 
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boards three feel deepf should hare nine iostead of seyofi, one 
twelfth of the whole £orce of impulsion would be lost^ 

Table of the number qf jUxxUxxxfrda in undershot wheels. 



teroTthe 

*r>eel in 

feet 




Depth of the fioat-boaidft hi fact. 




1 


1.5 


2 


2.5 


3 


3.5 


4 


10 


10 


8 


7 


6 


5 


a 


6 


11 


10 


8 


7 


6 


5 


5 


5 


12 


11 


9 


a 


7 


6 


e 


a 


13 


11 


9 


8 


7 


6 


6 


5 


14 


12 


9 


8 


7 


7 


6 


6f 


15 


12 


9 


a 


7 


7 


6 


6 


16 


12 


10 


9 


8 


7 




6 


17 


12 


10 


9 


8 


7 




6 


la 


13 


11 


9 


a 


d 




d 


19 


13 


11 


19 


9 


a 






20 


14 


11 


10 


^ 


8 


|M 




21 


14 


12 


19 


9 


a 






22 


15 


12 


10 


9 


a 


a 




23 


15 


12 


10 


9 


a 


a 




24 


15 


12 


11 


10 


9 


a 


a 


25 


16 


13 


11 


10 


9 


a 


a 


26 


16 


13 


11 


10 


9 


8 


8 


27 


10 


18 


11 


10 


9 


a 


a 


28 


17 


13 


12 


10 


9 


9 


8 


29 


17 


14 


12 


U 


10 


9 


a 


30 


17 


14r 


12 


11 


10 


9 


\ 9 


32 


18 


, 14 


12 


11 


10 


9 


9 



In order to find from the j»eceding table the number of 
float-boards for a wheel 20 feet in diameter (the diameter of the 
wheel being reckoned from the extremity of the float>board»)9 
their depth being two feet ;-**-enter the left bond column with 
the number SO, and the top of the table with the number 8^ 
and in a line with these nmnbera will be found 10, the number 
of floot^boafds which such a wheel would require. 

As the nmnbers representing the depths of the float^boardsy 
and the diameter of the wheels increase more rapidly than the 
numbera i» the other columns, the preceding table will not 
shew us with accuracy the diameter of the wheel when the 
number and depth of the float-boards are given ; ten float- 
boards, for example, two feet deep, answering to a wheel either 
19, ^ 21, 22, or 28 feet dioneter. This defect, however, 
may be supplied by the following method.— Divide 860 de^ 
grees by the number of float-boards, and the quotient will be 

^ Desagoliers has adopted the rule given by Pitot. See his Expeiimenidl PhUo^ 
wphy^ voL ii, p. 424. 
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Ih^ arch between each. Find the natural vened sine of this 
aercb^ and say, as 1000 is to this vened sine, so is the wheePs 
indius to the depth of the floatJboards ; and to find the diame- 
ter of the wheel, say, as the above versed sme is to 1000, so is 
the depth of the float-boards to the wheel'^s radius. 

We hare already said, that the number of float- ,j^ ^^ ^ 
boards found by die preceding table b too smalL Fbot maoeii- 
Let us attend to this pcint, as it is of considerable '*^ 
importance, tt is evident from Fig. 8, that when 'P^ I. 
one of the floats, as Z> £, is perpendicular to the ^* 
stream, it receives the whole impulse of the water in the most 
advantageous manner ; but when it arrives at the position d e, 
and the succeeding one F G into *the positicm y*^, so that the 
angle e A g may be bisected by the perpendicular A Ey they 
will have the most disadvantageous situation ; for a great part 
of the water will escape below the extremities g and e, of the 
float-boards, without having any effect upon the whed ; and 
the part igot the float-board, which is r^ly impelled, is less 
than D E, and oblique to the current. The wheel, therefore, 
mxisl move irregularly, sometimes quick, and sometimes slow, 
according to the position of the floats with respect to the stream ; 
and this inequality will increase with the arch plunged in the 
water. M. Pitot proceeds upon the supposition, that if another 
Ooatfg, were placed between F 6 and D £, it would destroy the 
foKce of the water tliat impels it^ and cover the correspondins^ 
part D O of the preceding float-board. But this is not the case. 
The water, after acting uponfg, still retains a part of its motion, 
and bending round the extremity^, strikes D E with its remain- 
ing force. Considerate advantage, therefore, must be gained 
by udng more float>boards than M. Pitot recommends.^ 

M. Bossut^ has shewn, that when the wheel has jjia^j^ ^f 
an uniform velocity, the most advantageous number Soat-boBidt 
of floats is determined. Having fixed upon the ra- ^^^^ ^ 
dius and velocity of the wheel, and on the portion of 

^ In Mr. Smeaton's experiments, the water-wheel, which was 25 inches in dia- 
meter, had 24 floats ; and he observes, <' That, when the number was reduced to 
12, it caused a diminution of the efiect, on account of a greater quantity of water 
cscajang between the floats and the floor ; but a circular sweep boug adapted thereto, 
of such a length, that one float entered the course before the preceding one quitted 
ic, the tStet came so near to the former, as not to give hopes of advancing it by in- 
creasing the number of floats beyond 24 in this particular wheel*' Sm€aton*a Ex- 
perimenkd Enquiry, p. 24 ; or, PkU. Trana, 17^9, v. 51. 

. ^ Traite d*Hydrodiffumiquey notes on chap, x ; also § 778, 
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its circumference that ought to be plunged in the stream, he 
imagines the wheel to have different numbers of float-boai^ds^ 
and then computes the momentum of the water against all the 
parts of those that are immersed. The number of float*boards 
which gives the greatest momentum should be adopted as the 
ipost advantageous. When the velocity of the stream was 
thrice that of the wheel, and when 72 degrees of the circum- 
ference were immersed, Bossut found that the number of float* 
boards should be 36. When a greater arch is plunged in the 
stream, the velocity continuing the same, the number should 
be increased, and vice versa. 

The floau This rule, however, is too difficult to be of use to 

boards should ^}jg practical mechanic. From what has been said, 

be as nume* , , , ^ 

rous a$ pos- it is evident, tha^n order to remove any inequality, 
sible. Qjp motion in the wheel, and prevent the water fromr 

escaping beneath the tips of the float-boards, the wheel should 
be furnished with the greatest number of float-boards possible^ 
without loading it, or weakening the rim on which^ they are 
placed.^ This rule was first given by Dupetit Vandin,^ and 
afterwards by M. Fabre,* and it is not difficult to see, that if 
the millwright should err in furnishing the wheel with too 
many float-boards, the error will be perfectly trifling, an(Lihat 
he would lose much more by erring on the other side/^The 
float-boards should not be rectangular, like a b n c inf Fig. 3, 
but should be bevelled like ab m c. For if they were rectan- 
gular, the extremity b n would interrupt a portion of the water, 
which would otherwise fall on the corresponding part of the 
preceding float-board. The angle abm may be found thus : — 
Subtract from 180*^ the number of degrees contained in the 
immersed arch C JS G , and the half of the remainder will be 
the angle required. It has been already observed, that the 
effective depth of the water at K (Fig. 1) is generally two and 
a half times greater than the natural depth. The height D E^ 
therefore, of the float-boards should be two and a half times 
the natural depth of the current at K (Fig. 2). The breadth 
of the float-boards should .always be a little greater than the 
breadth of the course at JT, the method of finding which has 
been already pointed out. 

* Brifison (Traite Elemeniaire de Physique) observes, that there should he 4S 
floats, instead of 40, as generally used in a wheel 20 feet in diameter. 
^ Mem, des Savans Etrangera^ torn, i 
^ Sur ha MacMfiet HydrauUquea, p. 65, No. 103* 
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M. Pitot has shewn,* that the float-boards should indination 
be perpendicular to the rim, or, in other words, a oftheflott- 
continuation of the radius. This, indeed, is true in 
theory, but it appears from the most unquestionable experi- 
ments, that they should be inclined to the radius. This was 
discovered by Deparcieux, in 176S (not in 1759, as Fabre as- 
serts), who shews, that the water will thus heap up on the 
float-boards, and act, not only by its impulse, but also by iU 
weight.^ This discovery has been confinned also by the Abbe 
Bossut,'' who found, that when the velocity of the water is about 
-^ of a foot, or 11 feet per second, the inclination of the float- 
board to the radius should be between 15 and 30 degrees. M. 
Fabre, however, is of opinion, that when the velocity of the 
stream is 1 1 feet per second^ or above this, the inclination should 
never be less than 30 degrees ; that when this velocity dimi- 
nishes, the inclination should diminish in proportion ; and that 
when it is four feet, or under, the incUnaUon should be nothing. 
In order to find the inclination for wheels of different radii, let 
A H (Fig. 3) be the radius, bisect P H, the height of the float- 
board, in ij and having drawn P K perpendicular to P A^ set 
off PiT equal to P i, and join HE; H K will be the position 
of the float-board inchned to the radius A H hy the angle 
K HP. This construction supposes the greatest value of the 
angle iT fT P to be 26^ 34'.8 

On the formaJtum of the spur-awheel and trundle. 

The radius of the spur-wheel is found by multi- size of the 
plying the mean radius of the water-wheel by that »puT-whecL 

* Mem, Acad, Par, 1729, 8vo, p. 350. 

^ Mem, Acad, 1754, 4to, p. 614, 8vo, p. 944. 

7 Traite eTHydrodynamique^ § 814 and § 817- 

^ Boecklerus, a German writer on mechanics, makes the diameter of the great 
wheel 48 feet, and the number of float-boards 86, when the force of the water is great ; 
the diameter of the second wheel 18 feet, with 180 teeth, and the number of staves in 
the third wheel 60. Casatus {Meckan, lib. 3, p. 560) observes, that the diameter 
of the water. wheels in mills on the Vo was commonly 10 cubits, the diameter of the 
second wheel 5| cubits, with 108 teeth ; the number of spindles in the trundle 9 ; 
the thickness of the millstone 6 or 7 inches, and its diameter 2^ cubits. Florinus 
makes the diameter of the great wheel 18 feet, when the fall of water is 4 or 5 feet ; 
the number of float-boards 30 or 36 ; the breadth of one of the float-boards 12 or 14 
digits, and its height one foot ; the teeth of the second wheel 72 ; and the number of 
staves in the trundle 6, 8, or 9. Wolfius {Opera Matkemat, torn, 1, p. 690) ob- 
serves, that the diameter of the large wheels, in most of the double overshot mills near 
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of the lantern, which may be of any size, and also by the num- 
ber of turns, which the spindle or axis of the lantern performs 
in a second,^ and then by the numbar S.151. This product 
being divided by the square-root of the relative fall, the quo- 
tient will be the radius required. The number of teeth in the 
wheel should be to the number of staves in the trundle as their 
respective radii. In order to find the exact number, 
take the proper diameter of the teeth and the staves, 
which ought to be two and a half inches each in com- 
mon machines, and determine also how much b tobe 
allowed for the play <^ tbe teeth, which should be about two 
and a half tenths of an inch ; add these three numbers, and 
divide by this sum the mean circumference of the spur-wheel,^ 
the quotient will be nearly the number of teeth in the wheel. 
het us call this quotient <r, to avoid circumlocution. Multiply 
iT by the mean radius of the trundle, and divide the pro- 
duct by the radius of the spur-wheel. If the quotient is a 
whole number, it will be the exact number of staves in the 
trundle, and of, if it were an integer, will be the exact number 
of teeth in the wheel. But should the quotient be a mixed 
number, diminish the integer, which may still be called jr, by 
the numbers 1, S, 3, &c. successively, and at every diminution, 
multiply <7, thus diminished, by the radius of the trundle, and 
divide the product by the radius of the wheel. If any of these 
operations give a quotient without a remainder, this quotient 
will be the number of staves in the trundle, and x, diminished 
by one or more units, vdU be the number of teeth in the wheel. 
Thus let the radius of the trundle be one foot, that of the wheel 
four feet, the thickness of the teeth and the staves two and a 
half inches, or ^Y? ^^ ^ ^<^^j *"^^ ^^® space for the play of the 
teeth two and a half tenths of an inch, or j|^ ; the sum of the 

three quantities will be ^V? ^ i v ^^ ^ ^^^^ > ^^^ ^^ ^^^9 ^^ 
~ of a foot, the circumference of the wheel, divided by ^^ 
will give ~~, or 57|g feet. Multiply the integer w or 57 by 



Hall did not exceed 16 feet* In South Wales there is an overshot water-wheel above 
fifty feet in diameter. According to Belldor, the diameter of the millstones should be 
from 6 to 7 feet, and their thickness 12, 15, or 18 inches. 

' The method of determining the velocity of the spindle, or the millstone, will be 
afterwards pointed out. The axis of the lantern should, in general, make about 90 
turns in a minute* 

^ The meaB radius is reckoned from the centre of the wheel to the centre of the 
teeth. 



SECT* II. covsrmircTioN of coev-^mills. 8S 

1, the radius of die lantern ; but as the product 57 will not 
divide by 4, the radius of the wheel, let us diminish Xf or 57, 
by unity t ^nd the nemainder 56 being multi|)lied by 1, the 
r&dm» of the trundle, and divided by four, the radius of the 
wheel, giyes 14 without a remainder, which, therefore, will be 
itbe number of staves, while 56, or js diminidied by unity, is the 
number of teeth in the spur*wheeL 

Had it been possiUe to make the numbar of teeth equal to 
^^ih^i inches would be the proper thickness for the teeth and 
the staves; but as the number must be diminished to 56, there 
will be an interval left, which must be /cKstributed among the 
teeth and staves, so that a small addition must be made to each. 
To do this, divide the circumference of the wheel -^^ of a fijot 
by the number of teeth 56, and, from the quotient ^jf%% sub- 
tract the interval for the play of the teeth ^l^ or y§gj> the re- 
mainder j%%% being halved, will give yVi5*?j of a foot, or 2 inches 
and 5.8 tenths, for the thickness of every tooth and stave, y§Q 
of ^1 inch being added to each tooth and stave to fill up the 
interval. 

It may sometimes happen, however, that, in diminishing x 
successively by unity, a quotient will never be found without a 
remainder. When this is the ease, seek out the mixed num. 
b^ which approaches nearest an integer, and take the int^er 
to which it approximates for the number of staves in the lantern. 
Thus, when the radius of die whaei is 4tV ^^U the different 
quotients obtsioed^ after diminishing a^ by one, two, three, four, 

wiU be 14,%'^, I&tW^, 13jWi5, IS'iVs^, and ISx^aVo- The 
nearest of these to an integer is lS^%%\f being only ^ g g ^ less than 
14, which wiU therefore be the number of staves in the trundle.^ 
In a succeeding article on the teeth of wheels, we ponn of the 
have shewn what form must be given them in order to ^^' 
produce an uniformity of action. The fdilpwing method, how- 
ever^ will be pretty accurate for very common works. In Plate I, 
Fig. 4, take EBy equal to the radius of the trundle,^ and de- 
scribe the acting part B J, and with the same radius describe 
C Z>. When the teeth of the wheel are perpendicular to its 
plane, as in the spuri-wheels of corn-mills, we must bisect 
B D in 71, and drawing m n perpendicular to B D, make the 
plane BACD move round upon ?» n as an axis ; the figure 

t See Fabie, Sur lea Machme$ HydrauUqueB^ p. 304, § 646. 
^ The staves of the trundle should be as short as pofaible. 
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thus generated like abed. Fig. 6, will be the proper shape for 
the teeth. 

Size of the The pivots, or gudgeons, on which vertical axes 

t?>^&oi^ move, should be conical ; and those which are at- 
tached to horizontal arbors, should be cylindrical, and as small 
and short as possible. A gudgeon two inches in diameter will 
support a weight of 3289 pounds avoirdupois, tliough we often 
meet with gudgeons three or four inches in diameter, when the 
weight to be supported is considerably less. By attending to 
this, the friction of the gudgeons will be much diminished, and 
the machine greatly improved. Particular care, too, should be 
taken, that the axis of the gudgeons be exactly in a line with 
the axis of the arbor which they support, otherwise the action 
or motion of the wheels which they carry will be affected with 
periodical inequalities. 

On ihejbrrruxtion, sizCy and velocity of the miUsUme^ S^c, 

On the BUT- ^^ ^^ fourth lecture,* Mr. Ferguson has given 
faces of the several useful directions for the formation of the 
"^**^°^- grinding surfaces of the millstones, to which we have 
only to add, that when the furrows are worn shallow, and con- 
sequently new dressed with the chisel, the same quantity of 
stone must be taken from every part of the grinding surface, 
that it may have the same convexity or concavity as before. 
As the upper millstone should always have the same weight 
when its velocity remains unchanged, it will be necessary to 
add to it as much weight as it lost in the dressing. This will 
be most conveniently done by covering its top with a layer of 
plaster, of the same diameter as the layer of stone taken from 
its grinding surface, and as much thicker than the layer of 
stone, as the specific gravity of the stone exceeds the specific 
gravity of the plaster.'^ That the reader may have some idea 
of the manner in which the furrows, or channels, are arranged, 
we have represented, in Plate I, Fig. 6, the grinding surface of 
the under millstone A, as fitted up in an iron frame, and with 
adjusting screws, according to the method used by Mr. Austen. 
B B is the bed of cast iron, C C C the adjusting screws, on 



* The diameter of the gudgeon must be proportional to the square root of the 
weight which it supports. 

^ The rebtive weights of the stone and plaster may be determined from the table 
of specific gravities in this volume. 
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the points of which the bed-stone rests, DDDD the screws 
for adjusting it laterally. The iron frame in Fig. 6 is adapted 
for laying on an old floor. 

In Fig. 7 we have given a section of the millstones, spindle, 
&c. The under millstone A, which never moves, may be of any 
thickness. Its grinding surface should be a portion of a cone, 
whose height is not above half an inch. The upper millstone O, 
which is fixed to the spindle P, and is carried round with it, 
should be so hollowed that the angle formed by the grinding 
surfaces may be of such a size that their greatest distance may 
be equal to the thickness of two grains of com. The diameter 
of the mill-eye, or hole in the upper stone, should be between 8 
ajid 14 inches ; and the weight of the upper millstone, joined to 
the wdght of the spindle and the trundle (the sum of which 
three numbers is called the equvpage of the turning millstone), 
should never be less than 1550 pounds avoirdupois, otherwise 
the resistance of the grain would bear up the millstone, and the 
meal be ground too coarse. In Fig, 7, i? £ are the two beams 
on which the floor and cast iron beds rest, U U a, circle of 
wood to cover the adjusting screws, KK the case which in- 
closes the stones, L the hopper, ilf the shoe, and N the damsel.® 

In order to find the weight of the equipage, divide wdght of 
the third of the radius of tlie gudgeon by Uie radius ^^ equipage, 
of the water-wheel whidi it supports, and having taken the 
quotient from 2.25, multiply the remainder by the expense of 
the source, by the relative fall, and by the number 19911, and 
you will have a first quantity, which may be regarded as pounds. 
Multiply the square root of the relative fall by the weight of 
the arbor of the water-wheel, by the radius of its gudgeon, and 
by the number 1617, and a second quantity will be had, which 
will also represent pounds. Divide the third part of the radius 
of the gudgeon by the radius of the water-wheel, and having 
augmented the quotient by unity, multiply the sum by 1005, 
and a third quantity will be obtained. Subtract the second 
quantity from the first, divide the remainder by tlie third, and 
the quotient will express the number of pounds in the equipage 
of the millstone. 

The weight of the equipage being thus found, extract its 

^ See the Transactions of the SocUty of ArU^ 1820, vol. xxxviii, p. 69. 
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square root, expressed in pounds, and nuiltiply it by OjSQ, and 
the product will be the radius of the millstone In feet.^ 
Sixeof the ^^ order to find the weight and thickness of the 
miflitanei. upper millstone, the following rules must be ob- 
served >^ 

1. To find the weight of a quantity of stone equal to the 
mill-eye >«/rake any quantity which seems most proper for 
the weight of the spindle and the laQtem, and subtract this 
quantity from the weight of the millstone^s equipage, for a first 
quantity. Find the areaof the mill-eye, and multiply it by the 
wei^t of a cubic foot of stone of the same kind as the railL 
stone (found from the table of specific gravities), and a second 
quantity will be had. Multijdy the area of the milktone 
by the wdght of a cubic foot of the same stone, for a tlnrd 
quantity. Multiply the first quantity by (he seccmd, and di- 
vide the product by the third, and the quotient will be the 
wdght required. 

2. To find the number of cubic feet in the turning millsUme, 
supposing it to have no eye :— -From the wei^t of the spindle 
and lantern subtract the quantity found by the preceding rule, 
for the first number. Subtract this first number from the weight 
of the equipage, and a second number will be obtained. Di- 
vide this second quantity by the weight c^a cubic foot of eUme 
of the same quality as the millstone, and the quotient will be 
the number of cubic feet in the upper millstone, the eye being 
supposed to be filled up. 

S. To find the thickness of the millstone at its centre and 
circumference : — Divide the solid content of the millstone, as 
found by die preceding rule, by its area, and you will have 
a first quantity. Add the height of the conical surface of 
Af which is generally about half an indi or an inch, to twice 
the diameter of a grain of com, for a second quantity. Add 
the first quantity to one third of the second, and the sum 
will be the thickness of the millstime at the circumference. 
Subtract the third of the second quantity from the first quan- 
tity, and the remainder will be its thickness at the centre.^ 

7 This rule suj^Mses, that when the diameter of the millstone is 5 feet, the weight 
of the equipage should be 4307 avoirdupois pounds. 

^ These rules are founded upon fbrmulsi which may* be seen in Fabre aur lea 
Machines IfydraiUiquei, pp. 172, 239. 
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The oze of the millstone being thus found, its y^oeity of 
velocity is next to be detonmned. M. Fabre, ob- the nuU- 
serves, that the flour is the best posable when a 
millstone 5 feet in diameter makes £rom 48 to 61 revolutions 
in a minute. Mr. Ferguson allows 60 turns to a millstone 6 
feet in diam^er, and Mr. Imison ISO to a millstone 4^ feet in 
diameter. In mills upon Mr. Imison^s construction, the great 
heat that must be g^ierated by such a rapid modon of the mill- 
stone, mu^ render the meal of a very inferior quality : much 
time, on the contrary, will be lost, when such a slow motion is 
employed as is reccnnmended by M. Fabre and Mr. Ferguson. 
In the best com^mills in this country, a millstone 6 feet in 
diameter revolves, at an average, 90 times in a minute.' The 
number of revolutions in a minute, therefore, which must be 
aa^gned to mfflstones of a different dze, may be found by di- 
vidiiig 450 by the diameter of the millstone in feet 

The flpindle P, which is oommonly 6 feet long, 
may be made either of iron or wood. When it is of 
iron, and the weight of the millstone 7558 pounds avoirdupois, 
it is generally three inches in diameter; and when made of wood 
it is 10 or 11 inches in diameter. For millstones of a different 
wi^ht, the thickness of the sfHudle may be found by proportion- 
ing it to the square root of the millstcme^s weight, or, whidi is 
nearly the same thing, to the weight of the millsUxie's equipage* 

The greatest diameter of the pivot Z>, upon which 
the millstone rests, should be proportional to the 
square root of the* equipage, a pivot half an inch diameter be- 
ing able to suf^rt an equipage c^ 5398 pounds. In most ma- 
chioes, the diameter of the pivots is by far too large, being ca- 
pable of supporting a much greater weight than they are required 
to bear. The fricdoa is th^ef(»re increased, and the perform- 
ance of the machine dimini^ed. 

The bridge-tree S T (Plate III. Fig. 2, Vol. I.) ^ 
is generally frcMn 8 to 10 feet long, and should not *' 

be elastic as is recommended by Belidor and others. When its 
length is 9 feet, and the weight of the equipage 518^ pounds, 
it should be 6 inches square ; and when die length remains un- 

^ Mr. Fenwick of Newcastle, an excellent practical mechanic, observes, that, in 
the best cQrn.4Bills in England, millstones from 4| to 5 feet in diameter revolve 
from 90 to 100 times in « minute. 
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changed, and the equipage vanes, the thickness of the bridge- 
tree should be proportional to the square root of the equipage. 

On the Perfbrmance of Undershot Mills. 

Performance The performance of any machine may be pro- 
of uodenhot perly represented by the number of pounds which 
it will elevate, in a given time, by means of a rope 
wound upon a spindle and passing over a pulley.^ In 
order to find the weight which a given machine will raise : — 
Divide the third part of the radius of the gudgeon of the 
water-wheel, by the mean radius of the wheel itself, and 
having subtracted the quotient from 2.25, multiply the re- 
msdnder by the expense of water in a second in cubic 
feet, by the height of the relative fall, and by the num- 
ber 19911, for a first quantity. Multiply the weight of 
the arbor of the water-wheel, and its appendages (viz. the 
water-wheel itself and the spur-wheeJ), by the radius of 
the gudgeon in decimals of a foot, by the square of the 
relative fell, and the number 1617, and divide the product 
by the mean radius of the water-wheel, and a second quan- 
tity will be had. Divide the third part of the gudgeon^s ra- 
dius by the mean radius of the water-wheel, augment the 
quotient by unity, and multiply the sum by the radius of the 
spindle for a third quantity. Subtract the second quantity from 
the first, and divide the remainder by the third qu^tity, 
the quotient will be the number of pounds which die machine 
will raise. Multiply the diameter of the ^indle by 31,416, 
and you will have a quantity equal to the height which W 
will raise by one turn of the spindle; this quantity, there- 
fore, being multiplied by the number of turns which the spindle 
performs in a minute, will give the height through which the 
weight W will rise in the space of a minute. 
According to ^^* ^^^^^ick^ found, by a variety of accurate ex- 
Mr. Fen- periments made upon good corn-mills, whose upper 
^^ * millstone, being from 4| to 5 feet in diameter, re- 

volved from 90 to 100 times in a minute, that a mill, or any 
power capable of raising 300 pounds avoirdupois with a velo- 
city of 210 feet per minute, will grind one boll of good corn in 

^ It was in this way that Smeaton measured the performance of his models. 
< Four Essays on Practical Mechanics^ 2d edit. 1802, p. 60. 
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an hour; and that two, three, four, or five bolls will be ground 
in an hour, when a waght of 300 pounds is raised with a velo- 
city of 850, 506, 677, or 865 feet respectively in a minute.* 
Or, to arrange the numbers more properly : 



Number of bolls ground in an hour 12 3 

Number of feet through which 3001b. is 
raised in a minute 210 



350 



606 



4 
077 



6 
866 



6 
1069 



Supposing it, therefore, to be found, by the preceding rules, 
that a mill would raise 600 pounds through S58 feet in a mi- 
nute of time, we have SOO : 600 z= 25S : 506 ; that is, the same 
power that can raise 600 pounds through 253 feet, will' raise 
300 pounds through 506 feet, consequently such a mill will be 
able to grind three bolls of com in an hour.^ 

According to M. Fabre, the quantity of meal AceonUng to 
ground in an hour may be determined by multiply- ^* ^^^ 
ing 62A Paris pounds by the square of the radius of the milU 
stone, and the product will be the number of pounds of meal. 
But, as this rule is founded upon an erroneous supposition, 
that the quality of the flour is best when a miUstone, 5 feet in 
diameter, performs 48 revcJutions in a minute, we have made 
the calculation anew, upon the supposition, that the velocity of 
a millstone, 5 feet in diameter, should be 90 revolutions in a 
minute, and have found, that, when mills are constructed upon 
this principle, the quantity of flour ground in an hour, in 
pounds avoirdupois, will be equal to the product of the square 
of the millstone^s radius, and the number 125. 

The following measures of the performance of undershot 
c!om-mills, are given by M, Hachette. 

M. Aitken at Senonges has constructed oom-mills which 
can grind in one hour seven measures of corn of 120 kilogram- 

' As the differences of Aese numbers increase nearly by 16, they may be eonti- 
nued by always augmenting the difference between the two last numbers by 16, and 
adding the difference thus augmented to the last number, £>r the number required. 
Thus, by adding 16 to 188, the difference between 677 and 865, we have 204, 
which being added to 865, gives 1069 for the number of feet, nearly, throng 
which the power must be able to raise a weight of 300 pounds in a minute, in order 
to grind ax bolls of com in an hour. 

* The proper result of Mr. Fenwick's experiment was, that a power requisite to 
raise a weight of 300 pounds avoirdupois, with a velocity of 190 fiei per minute^ 
would grind one boll of good com in an hour ; but, in order to make the above 
numbers accurate in practice, he increased the velocity y^,j, and made it 210 feet 
per minute. 
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mes^ with a spring which difcharges 1500 cuUc -feet in a mu 
nute, and a fall of 10 feet Taking for the small dynamical 
unit a culnc foot of urater raised one foot, the spring would 
jdeld in an hour for the grinxfing of a measure of com of 120 
kilogrammes (which is called a setter or bushel), 60 times ^-^^ 
cubic feet of water, filing 10 feet^ or 128,571 floiall dynamical 
units, which is equivalent to 1431 large dynamical units. (See 
p. 7.) 

A mill on the Beuvronne, ground, in 34 hours, 25 bushels of 
flour, with a spring of 900 times 500^ cubic feet, and a fall of 
10 feet Hence a bushel consumes 201,600 dynamical units. 

The mill of Claye near Paris, ground 26 bushels in 24 hours, 
with a spring of 978 times 560 cubic feet, end a fall of 11 
feet Hence each bushel consumes 229)815 dynamical units. 

The mills of Thoulouse, which ^ve 600 cubic feet in a mi- 
nute, and have a fall of 8 feet, grind about two bushels in an 
hour« Hence each bushel consumes 120,000 dynamical units. 

A mill at Malmaison gave a bushel in four hours, with a fall 
of 20 feet and a spring of 20 cubic feet a minute. Hence each 
buriiel consumed 96,000 dynamical units. 

A Steam eil^ne at Paris, which turned m millstones^ con- 
sumed 162,000 dynamical units for each bushel. 

The following important maxims have been deduced from 
Mr. Smeaton^s accurate experiments on undershot mills, and 
merit the attention of the practical mechanic 
Explanation Moofim 1. That the virtual or effective head of 
of Smeaton'8 water being the same,® the effect will be nearly as 
™*™"** the quantity of water expended. That is, if a mill, 
driven by a fall of water whose virtual head is 10 feet, and 
which discharges 30 cubic feet of water in a second, grinds four 
bolls in an hour ; another mill having the same virtual head, 

* 50(^ cabfe feet ii called by the Fiaidi engineert unpouce da FMUuUct^ or a by. 
dnidie Indi. 

* The mrtMif, or ^eetivt head of water moving inth a certain Telocity, is eqaal to 
Ihe height from which a heavy body mntt fall in order to acquire the same velocity 
The height of the virtual head, therefore, may be easily determined trooa, the water^s 
velocity, fi>r the heights are as (he squares of the velocities, and the vdodties, con- 
S6^[tien«ly, as the square roots of the heights. Mr. Smeaton observes, that in the 
large openings of mills and sluices, where grsat quantities of water are discharged 
ftom moderate heads, the real head of water, and the virtual head, as determined 
from the velocity, will nearly agree. See his Estperimenia on MUU^ p. 23.* 



S£CT« TI. CQNStEVCTIOK OF UtLUWtLX^Wt§^ TABLES. SI 

bat yAdck dischai^ 60 cubic feet of waUar, wiU grind &f^ 
lyelb of com in an hour. 

Maafkn 2, That the expense of water bemg the sane, Um 
effeet wiM be nearly ag tfaeheight nf the irirtual or effective head. 

Maaim 3. That die quantitf of water expended being the 
aome, the el^t k nearly as the square of its relocitj. That 
19, if a null, driven fay a certain quantity of water, moving irtth 
the velocitjr of four feet per second, gnnds three bolla of com 
in an hour ; anodier mill, driven by the sinne quantity of water, 
moviiig With the velocity of five feet per second, will grind 
nearly 4t^ji boUs of com in an hour, because S : 4f{l^ :» 4' : 6* 
nearfy ; diat la^ ajil6 to 25, the squares of the respective veto* 
cities of the water. 

Maaim 4. The aperture being the dame, the effect will be 
nearly as the eube of the velodty of the water. That is, if a 
miU driven by water, moving through a certain aperture, wHh 
the velocity of four feet per second, grind three bolls of oom hi 
an hour i another mill driven with water, moving throu^ the 
s9Eme ap^ture with the velocity of five feet per second, will 
grind d|g bolls neariy in an hour, for 9 : 6|g =s 4' : 5' nearly ; 
that iis, as 64 to 135^ the cubes of the water^s respective velo^ 
citiesw 

On the method <^ conatrtscHng MUUffrighif Tables on correci 

prineiplea. 

Although a mill-wright^s table has been construct- 
ed by Mr. Ferguson,^ and afterwards altered a little tion of anew 
by Mr. Imison, so far as concerns the velocity of vMwti^ito* 
the millstone ; yet, as we shall now shew, the prin- 
ciples upon which it is computed are far from being correct. 
It is evident that the great wheel must always move with less 
velodty than the water, even when there is no work to be per- 
formed ; for a part of the impelling power is necessarily spent 
in overcoming the inertia of the wheel itself; and if the wheel 
has little or no velocity, it is equally manifest that it will pro- 
duce a very small effect There is consequently a gdatife ▼©. 
certain proportion between the velocity of the water lodtyof tli* 
and the wheel, when the effect is a maximum. Pa- ^^^^^ 
rent and Pitot found this proportion to be as 1 to 3 ; 

7 See vol. i, p. 64. 
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and Desaguliers,^ Maclaurin,^ and Ferguson have adopted their 
determination.^ But Mr Smeaton has shewn, that instead of 
the wheel moving with ^ of the velocity of the water, when the 
effect is a maximum, as Parent imagined, the greatest effect is 
produced when the velocity of the wheel is between J and J, the 
maximimi being much nearer to I than J. He observes also, 
that I would be the true maximum ^' if nothing were lost by 
the resistance of the air, the scattering of the water carried up 
by the wheel, and thrown off by the centrifugal force, &c. all 
which tend to diminish the effect more at what would be the 
maximum if these did not take place, than they do when the 
motion is a little slower.**'^ But in making this alteration, we are 
warranted not merely by the results of Mr Smeaton^s experi* 
ments, but also by the deductions of theory. In the investiga- 
tions from which Parent and Pitot concluded that the velocity of 
the wheel should be ^ of the velocity of the water in order to 
produce a maximum effect, they considered the impulse of the 
stream upon one float-board only, and therefore made the force 
of impulsion proportional to the square of the difference betwem 
die velocities of the stream and the float-board. The action of 
the current, however, is not confined to one float-board, but is 
exerted on several at the same time, so that the float-boards 
whAch are acurately fitted to the mill-course, abstract from the 
water its excess of velocity, and the force of impulsion becomes 
proportional only to the difference between the velocities of the 
stream and the float-boards. . From this circumstance, the 
Chevalier de Borda has shewn in his Memoire sur lea Roues 
Hydravliqwes^ that in theory the velocity of the wheel is \ that 
of the current, and that in practice it is never more than f of 
the stream^s velocity, when the effect is a maximum.^ 

The constant number, too, which is used by Mr. Ferguson 

* De8agulier*s Experimental Philosophy y voL ii, p. 424, Lect. 12. 

* Madaurin^s Fluxions, Art 907, p> 728. 

^ M. Lambert has also adopted the determinatioii of Parent, in his Memoir on. 
Undershot Mills in the Nowv. Menu de FAcad, de Berlin, 1775, p. 63. 

* Smeaton on Mills, p. 77* M. Bossut and M. Fabre, along with Smeaton, 
make the velocity of the wheel | of the velocity of the water. See TVaite ^ Hydros 
dynandque, par Bossut, § 808.9* Fabre, § 66. The great hydraulic machkie at 
Marly was found to produce a maximum effect when the velocity of the wheel was f 
that of the current 

' Memoires de VAcad. Par. 1767, 4to, p. 285. 

* Borda's investigation will be found in the Edinburgh Encyclopedia, Art. Hydro-' 
dynamics, vol. xi, p. 557* 
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for finding the velocity of the Water from the height of the fall, 
viz. 64.288S is not correct From the recent experiments of 
Mr. Whitehurst on pendulums, it appears, that a heavy body 
falls 16.087 feet in a second of dme ; consequently the constant 
number should be 64.348. 

In Mr. Ferguson^s table, the velocity of the millstone is too 
small ; and Mr. Imison, in correcting this mistake, has made 
the velodty too great. From this circumstance, the fliill- 
wrights^ table will admit of some improvement. Proceeding, 
therefore, upon the practical deductions of Smeaton, as con<- 
firmed by theory, and employing a more correct constant num- 
ber, and a more suitable velocity for the millstone, we may 
construct a new mill-wrights' table by the following rules. 

1. Find the perpendicular height of the fall of ^^^^^ of 
water in feet above the bottom of the mill-course at constroctiiig 
jr (Fig. 1, Plate I); and having diminished this ****"*- 
number by one half of the natural depth of the water at JT, call 
that the height of the fall.^ 

2. Since bodies acquire a velocity of 32.174 feet in a second, 
by falling through 16.087 feet, and since the velocities of falling 
bodies are as the square roots of the heights through which 
they fall, the square root of 16.087 will be to the square root of 
the height of the fall as 3S.174 to a fourth number, which will 
be the velocity of the water. Therefore the velocity of the water 
may be always found by multiplying 3S.174, by the square root 
of the height of the fall, and divi4ing that product by the square 
root of 16.087. Or it may be found more easily by multiplying 
the height of the fall by the constant number 64.348, and ex- 
tracting the square root of the product, which, abstracting the 
effects of friction, will be the velocity of the water required.® 

^ The height of the fiill here meaDt is the rehitive or virtual hei^t, and it is sup- 
posed that the mill-course is so accurately constructed, that the water will have the 
same velocity at JT as it wohld have at R by falling perpendicularly through CR. 
This will be nearly the case when the mill-course is formed according to the direc- 
tions formerly giyen ; though in general a few inches should be taken from the fall, 
in order to obtain accurately its relative or virtual height. 

^ That the velocity of the water is equal to the square root of the product of the 

height of theiaU, and the constant number 64.348, may be shewn in the following 

manner. Let x be the velocity of the water, m the height of the fall, a = 16.087, 

auid consequently 2 a = 32.174. Then by the first part of the second rule 

2 a a/ "* 
y'a : y^m = 2a:x therefore x = 31 • multiplying by y^ a we have 

V ** 

VOL. II. . D 
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8. Take one half of the velocity of the water, and it Mrill be 
the velocity which must be ^ven to the float'|x)ards, pr the 
number of feet they must move through in a second, in order 
that the greatest effect may be produced. ic' .*- ' 

4. Divide the circumference of the wheel by the velocity of 
its float>boards per second, and the quotient will be the number 
of seconds in which the wheel revolves. 

5. Divide 60 by this last number, and the quotient will' be 
the number of revolutions which the wheel performs in a minute. 
Or the number of revolutions performed by the wheel in a 
minute, may be found by multiplying the velocity of the float- 
boards by 60, and dividing the product by the circumference of 
the wheel, which in the present case is 47.12. 

6. Divide 90 (the number of revolutions which a millstone 
5 feet diameter should perform in a minute) by the number of 
revolutions made by the wheel in a minute, and the quotient 
will be the number of turns which the' millstone ought to make 
for one revolution of the wheel. 

7. Then, as the number of revolutions of the wheel in a 
minute is to the number of revolutions of the millstone in a 
minute, so must the number of staves in the trundle be to the 
number of teeth in the wheel, in the nearest whole numbers 
that can be found.^ 

8. Multiply the number of revolutions performed by the 
wheel in a minute, by the number of revolutions made by the 
millstone for one of the wheel, and the product will be. the 
number of revolutions performed by the millstone in a minute. 

In this manner the following table has been calculated for a 
water-wheel fifteen feet in diameter, which is a good medium 
size, the millstone being five feet in diameter, and revolving 90 
times in a minute. 

X /^ z=2 a ^^ m; putting all the quantities under the«radical sign there comes out 
j^ X* a zs=. A a* m ; extracting the square root of botii sides, we have a;^ a = 4 
a' m, dividing bjr a gives x^ =4amorar=^4am. But since the constant 
number 64.348 is double of 32.174, it will be equal to 4 a ; then 6y the latter part 
of rule second we have « = ^y/ 4 a m, which is the same value of a;, as was found 
from the first part of the rule 

7 We have filled up the wioeth column of the tables in the oonunon way ; bvt, for 
the proper metiiod of finding the relation between the radius of the spur wheel and 
trundle, and the exact number of teeth in the one, and $tave» in the other, we must 
refer the reader to p. 22 of this vdume. 
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TABLE I.^A Nem MilUWrif^'* TaUe, in wkiA tke vdocity ofOe «lerf w one. 
kay^tU vdodty of the 9tream^ the eftetw affriditm not bing eontideretL 



Hrightoi 
tfaeeflbo' 
tiyefUl 
of water. 


Vdodtyof 
the water per 
meaoA,tne- 
tioniMit being 

oonridered. 


Velodtvof 
the wheel per 
second, bting 
one half chat 
of the water. 


Revolutions 
of the wfaed 
Off minute. 
Its diameter 
being 15 feet 


Revolutions Teeth in the 
of the mill- wheel and 
stonefor one staves in the 
of the wheel tnuidle. 


Revolutions 
ofthemUI- 
stone p^ mi- 
nute ky these 
slaves and 
teeth. 


Feet. 


Ft. lOOtha. 


Ft. lOOtha. 


Rev. lOOths. 


Rev.lOOtfas. 


Teeth. Staves. 


Rev. lOOths. 


1 


&02 


4.01 


5.10 


17.66 


106 6 


90.01 


2 


11.34 


6.67 


7.22 


12.47 


87 7 


90.03 


8 


13.89 


6.96 


&85 


10.17 


81 8 


90.00 


4 


16.04 


&02 


10.20 


8.82 


79 9 


89.96 


5 


17.94 


8.97 


11.43 


7.87 


71 9 


89.95 


6 


19.65 


9.82 


12.50 


7.20 


65 9 


90.00 


7 


21.22 


10.61 


13.61 


6.66 


60 9 


89.98 


8 


22.69 


11.34 


14.46 


6.23 


66 9 


90.02 


9 


24.06 


12.03 


16.31 


6.88 


63 9 


90.02 


10 


26.37 


12.69 


16.17 


6.67 


66 10 


90.06 


11 


26.60 


13.30 


16.96 


5.31 


58 10 


90.00 


12 


27.79 


13.90 


17.70 


6.08 


61 10 


89.91 


13 


28.92 


14.46 


18.41 


4.89 


49 10 


90.02 


14 


30.01 


15.01 


19.11 


4.71 


47 10 


90.00 


16 


31.07 


16.63 


19«80 


4.66 


48 11 


90.09 


16 


32.09 


16.04 


20.40 


4.45 


44 10 


89.96 


17 


33.07 


16.64 


21. 6 


4.28 


47 11 


90.09 


18 


34.03 


17- 2 


2^ 


4.16 


50 12 


90.10 


19 


34.97 


17.48 


4.04 


44 11 


89.93 


20 


36.97 


17.99 


22.86 


3.94 


48 12 


90.07 


1 


2 


3 


4 


6 


6 


7 



TABLE IL^A Nem MiO^WrigkCs TcMt^ m wkiek ike vOocity of ike wJM le 
tkre&'Mventks of ike vdocUy of ^ water, cmd (Ae ejfectB of friction on the velocity 
eftkettream reduoedto comfmtation. 



Heightol 

the&Uol 

water. 


Velocity of 
the water per 
second, fac- 
tion being 
considered. 


Velocity of 
the wheel jwr 
noond, bong 
3-7ths that of 

tiie water. 


Revolutions 
of the wheel 
per minute. 
Its diameter 
being 15 feet 


Revolutions 

of millstone 

for one of the 

wheel. 


Tealfainthe 

wheel and 

staves in the 

trundle. 


Revolutions 
of the mil), 
stone per mi- 
nute, by these 
staves and 
teeth. 


Feet. 


Ft. lOOths. 


Ft. lOOths. 


Rev. leoths. 


Rev. lOOths. 


Teeth. Staves. 


Rev. lOOths. 


1 


7.62 


3.27 


4J6 


21.63 


130 6 


89.98 


2 


10.77 


4.62 


6.88 


16.31 


92 6 


90.02 


3 


13.20 


5.66 


7.20 


12.60 


100 8 


90.00 


4 


16.24 


6.53 


8.32 


10.81 


97 9 


89.94 


6 


17.04 


7.30 


9.28 


9.70 


97 10 


90.02 


6 


18.67 


8.00 


10.19 


8.83 


97 11 


89.98 


7 


20.16 


8 64 


10.99 


8.19 


90 11 


90.01 


8 


21.66 


9.24 


11.76 


7.66 


84 11 


89.96 


9 


22.86 


9.80 


12.47 


7.22 


72 10 


90.03 


10 


24.10 


10.33 


13.16 


6.84 


82 12 


89.96 


11 


25.27 


10.83 


13.79 


6.53 


86 13 


90.05 


12 


26.40 


11.31 


14.40 


6.25 


72 12 


90.00 


13 


27.47 


11.77 


14.99 


6.00 


72 12 


89.94 


14 


28.61 


12.22 


16.56 


6.78 


75 13 


89.94 


16 


29.62 


12.66 


16.13 


6.68 


67 12 


90.01 


16 


30.48 


13.06 


J 6.63 


6.41 


65 12 


89.97 


17 


31.42 


* 13.46 


17.14 


6.26 


63 12 


89.99 


18 


32.33 


13.86 


17.66 


6.10 


61 12 


90.01 


19 


33.22 


14.24 


18.13* 


4.96 


64 13 


89.92 


20 


34.17 


14.64 


18.64 


4.83 


58 12 


89.84 


I ^ 2 


3 


4 


6 


. 6 


7 
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Ea^lanatkm and Use of the MiS^zvrights* Tables, 
It has already been observed, that, according to theory, an 
undershot wheel will produce the greatest possible effect, when 
the velocity of the stream is double the velocity of the wheel ; 
and, upon this principle, the first of the preceding tables has 
been computed. When we consider, however, that, after every 
precaution is observed, a small quantity of water will escape 
between the mill-course and the extremities of the float-boards ; 
and that the efl^ect is diminished by the resistance of the air, 
and the dispersion of the water carried up by the wheel, the 
propriety of making the wheel move with f of the velocity of 
the water will readily appear. The Chevalier de Borda sup- ' 
poses it never to exceed |, and Mr Smeaton found it to be 
much nearer J than f. With y, therefore, as*a proper medium, 
the numbers in Table II have been computed for this new 
velocity of the wheel. In Table I, the water is supposed to 
move with the same velocity as^^idling bodies. Owing to its 
friction on the mill-course, &c. this is not exactly the case ; but 
the error, arising from the neglect of friction, might be in a 
great measure removed, by diminishing the height of the fall 
a few inches, in order to have the effective height, with which 
the other numbers are to be taken out of the table. As tliis 
mode of estimating the effects of friction is rather uncertain, 
we have deduced the velocity of the water from the following 

formula : F=\/l?? X Rb — ^ Hh/m which Fis the velocity 

of the water, R b the absolute heights of the fall, and Hh the 
depth of the water at the bottom* of the course. This formula 
is founded on the experiments of Bossut, from which it appears, 
that if a canal be inclin^ ji^ part of its length, this additional 
declivity will restore that velocity to the water which was de- 
stroyed by friction. 

We would not advise the mechanic, however, to trust to the 
second column of Table II for the true velocity of the stream, 
or to any theoretical results, even when deduced from formulae 
that are most agreeable to experience. Bossut, with great 
justice, remarks, " It would not be exact, in practice, to com- 
pute the velocity of a current from its dedivity. This velocity 
ought to be determined by immediate experiment in every 
particular case.'*.— 7Vai</, § 646 Let the velocity of the 
water, where it strikes the wheel, be determined by the method 
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which we shall now explain. With this velocity, as an argu- 
ment, enter column second of either of the tables, according to 
the velocity which is required for ^e wheel, and take out the 
other numbers from the table. 

Method of measuring the Velocity of Water. 

A variety of methods have been projposed, by Diire,^,,^ 
different philosophers, for measuring the velocity of methodf of 
running water. The method by floating bodies. Z^, 
employed by Mariotte ; the bent tube {hAe re- of nuuiing 
courbe) of Pitot ;" the regulator of Guglielmini ;• ^***'' 
the quadrant,^^ the little wheel,^ and the method proposed by 
the Abb6 Mann,^ have each their advantages and disadvan- 
tages. The little wheel was employed by Bossut It is the 
most convenient 'mode of detenmning the superficial velocity 
of the water ; and when constructed, in the following manner, 
will be very accurate. The small wheel W W should be 
formed of the lightest materials. It should be ingtrument 
about 10 or 12 inches in diameter, and furnished for meuur- 
with 14 or 16 float-boards. This wheel moves up- j^t- ©f *" 
on a delicate screw a B passing through its axle water. 
Bb ; and when impelled by the stream, it will gra- PUte I. 
duidly approach towards jD, each revolution of the **8. 
wheel corresponding with' a thread of the screw. The number 
of revolutions performed, in a given jtime, are determined upon 
the scale m a, by means of the index O A, fixed at O, and 
moveable with the wheel, each division of the scale being equal 
to the breadth of a thread of the screw, and the extremity h 
of the index h coinciding with the beginning of the scale, 
when the shoulder b of the wheel is screwed close to the scale 
a. The parts of a revolution are indicated by tlie bent index 
m n pointing to the periphery of the wheel, which is divided 
into 100 parts. When this instrument is to be used, lake it 
by the haiidles C, X>, screw the shoulder b of the wheel close 
to a, so that the indices may both point to 0, the commence- 
ment of the scales ; then by means of a stop-watch, or a pen- 
dulum, find how many revolutions of the wheel are performed 
in a given time. Multiply the mean circumference of the 
wheel, or the circumference deduced from the mean radius, 

8 Mem. Acad. Par. ij32. ^ Id. Id.% 655. 

^ Aquarumjluentium Menauruy lib. iv. < Pkil, Trans, v. Ixix. 

'^ Bossut, Traite (tHydrodyiiamique, § 654. 
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* 

which is equal to the distance of the centre of impulsion fiom 
the axis b Bj by the number of revolutions, and the product 
will be the number of feet which the water moves through in 
the given time. On account of the friction of the screw, the 
resistance of the air, and the weight of the wheel, its circum- 
ference will move with a velocity a little less than that of the 
stream; but the diminution of velocity, arising from these 
causes, may be estimated with sufficient precifflon for all the 
purposes of the practical mechanic* 

A very convenient and useful measure of the velocity of water 
may be made by attaching to one end of the axis of a wheel like 
W W^ one of the Odometers^ as improved by Mr. Hunter of Thurs- 
ton.^ This instrument will register the number of revolutions of 
the wheel either in an hour or in a day, and will thus give a more 
correct mean velocity than could be obt^ned in a shorter interval. 

The velocity of water might be also determined from its dis^ 
solving power, by measuring the time in which it dissolves a 
piece of alum, or any other very soluble substance, and taking 
at the same time the temperature of the current. 

On Horizontal MiUs. 

Horizontal Although horizontal water-wheels are very comr 
n»lls« mon on the continent, and are strongly recommei^ed 

to our notice by the simplicity of their construction, yet they 
have almost never been erepted in this country, and are there- 
fore not described in any of our treatises on practical mechanics. 
In order to supply this defect, and recommend them to the at- 
tention of the mill-wright, we shall give a brief account of their 
Plate I. construction. In Fig. 10, we have a representation 
Fig. 10. Qf one of these mills. A Bis the large water-wheel, 

3 This curious and useful instrument, called an'Ot/ometer or fVaywiser^ was ori« 
ginallj intended to be applied to the axletrees of carriages, in order to rq;ister the 
number of revolutions made by one of the wheels. It is represented in Fig. 9, 
Plate I, where A B iaa, frame, made hollow, to receive an endless screw H, tlte 
. teedi of which are visible on each side of the index F. It is kept in its place by 
a nut at A, The teeth of the endless wirew work in the teeth of two concentric 
wheels G, H^ the first of which has 100 teeth, and the second 101. When (r has 
made a complete revolution of 100 teeth, 100 tdbth of ^ wiU also have passed forward ; 
but as H has 101 teeth, the index of G will have separated from the index of H one 
division, and will consequently point to 1 on the scale of IT. After a second revolution 
of Gf its index will point to 2 on the scale of H. Hence, when the index of (} pomts 
to 101 on the scale of IT, the endless «crew CZ> will have performed 10,100 revolu- 
tions. This method of registering revolutions may be obviously extended without li- 
mit by additional wheels. The Odometer is manu&ctured by Messrs. Howdens, 
South Bridge, Edinburgh. 
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which moves horizontally upon its arbor C D. This arbor 
passes through the immoveable millstone ; and being fixed to 
the upper one, carries it once round, for every revolution of the 
great wheel. The water is commonly conducted along the in- 
clined canal M N^ and strikes the float-boards*/', F\ &c. placed 
obliquely to the plane of the wheel. 

When the float-boards are placed perpendicular to 
the rim, and the water strikes them horizontally, the 
mill-course is constructed in the same manner for horizontal as 
for vertical wheels, with this difference only, tliat the part m B 
n C, Fig. 2, of which K L, in Fig. 1, is a section, instead of be- 
ing rectilineal like m n, must be drculajr like m P, and concen- 
tric with the rim of the wheel, sufficient room being left between 
it and the tips, of the float-boards, for the play of the wheel. 

The equipage* of the millstone of a horizontal mill may be 
found by multiplying the product of the 100th part of the ex« 
pense of the water in cubic feet, and tfee relative fall, by 6078, 
and the product will be the weight of the equipage m pounds 
avoirdupois. 

The mean radius of the wheel ^ £ is to be determined by 
multiplying the product of the relative fall, and the square root 
of the expense of water in a second by 0.062. 

What has been said respecting the number, portion, and 
form of the float- boards of vertical wheels, may be applied also 
to horizontal ones. In the latter, however, the float-boards 
must be inclined, not only to the radius, but also to the plane of 
the wheel, with the same angle as they are inclined to the radius, 
so that the lowest and thf outermost sides of the float-boards 
may be farthest up the stream. 

Since the millstone of horizontal mills performs the Velodty of 
same number of revolutions as the water-wheel ; and the milUtonc. 
since a millstone five feet in diameter should never make less 
than 48 turns in a minute, the wheel must perform the same 
number of revolutions in the same time ; and in order that the 
effect may be a mcuxnmum, or the greatest possible, the velocity 
of the current must be double that of the wheel. Suppose the 
millstone, for example, to be five feet diameter, and the water- 
wheel six feet, it is evident that the millstone and wheel must 
at least revolve 48 times in a minute ; and since the circum- 

• 

ference of the wheel is 18.8 feet, the float-boards will move 
^ The eqiupage comprehends the miUstone, the water-wheel, and its arbor. 
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through that space in the 48th part of a minute, that is nearly 
at the rate of 15 feet per second, which being doubled makes 
the velocity of the water 30 feet, answering, as appears from 
the preceding table, to a fall of 14 feet. But if the ^ven fall 
of water be less than 14 feet, we may procure the same velodty 
to the millstone by diminishing the diameter of the wheel. If 
the wheel, for instance, is only five feet diameter, its circum- 
ference will be 15.7 feet, and its floats will move at the rate of 
12.56 feet in a second, the double of which is 25.12 feet per 
second, which answers to a head of water less than ten feet high. 
As the diameter of the water-wheel, however, should never be less 
than seven times the breadth of the mill-course at K (Fig. 1), 
there will be a certain height of the fall beneath which we cannot 
employ horizontal wheels,^ without making the millstone revolve 
too slowly. This height will be found by the following table. 

Method qfjindmg whether horizontal or vertical mUh should be 

. erected. Ft. Dec. 



When the natural 
depth of the water 
at the bottom of the 
fall u to the breadth 
of the mill-couise at 
the same place, as 




The reUtive fall 
neath which if e can 
not employ horizo] 
tal mills will be 




Thus, if the natural depth of the water at K (Fig. 1) is three 
times the width of the mill-course at the same place, the relative 
fall beneath which we cannot employ a horizontal wheel will be 
7.314 feet. Since the depth of the water is so great in this 
case, a great quantity of it will be discharged in a second, and 
therefore it requires a less velocity, or a less height of the fall, 
to impel the wheel, whereas if the depth of the water had been 
only one third of * the width of the mill-course, such a small 
quantity would be discharged in a second that we must make 
up for the want of the water by giving a great velocity to what 
we have, or by making the height of the fall 17.613 feet. 

In order to find the radius of the millstone in horizontal 
mills, multiply the expense of water in cubic feet in a second, 
by the relative fall ; extract the square root of the product, and 
multiply this root by 0.267 ; the product will be the radius of 
the millstone in feet. 

^ This applies only to mills for grinding com, where tlie millstone is fixed on the 
arbor of the water-wheel, and must move with a determinate velocity. For any 
other purpose horizontal wheels may be used, however small be the fall of water. 
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The quantity of meal ground in an hour may be Perfemuuice 
found by the rules already given for vertical mills, of horinmtal 
or by multiplying the product of the expense of °"^ 
water, and the relative fall, by 4561b8. and the result will be 
the quantity required. 

The thickness of the millstone at the centre and circum* 
ference, the thickness of the arbor and pivots, may be deter- 
mined by the rules ahready liud down for vertical mills. 

In horizontal wheels, the mill-course is sometimes Hg^j^oiital 
differently constructed. Instead of the water as- nuHswidiiii. 
suming a horizontal direction before it strikes the 1^,^,^,, ***" 
wheel, as in the case of undershot-mills, the float- 
board is so inclined as to receive the impulse perpendicularly, 
and in the direction of the declivity of the waterfall. When 
I this construction is adopted, the greatest effect will be produced 

when the velocity of the float-boards is not less than ' L,^ i , 

•^ 2 Sm. A * 

\» in which H represents the height of the waterfall, and A the 

angle which the direction of the fall makes with a vertical line. 
But since this quantity increases as the sine of ^ decreases, it 
follows, that without taking from the effect of these wheels, we 
may diminish the angle A, and thus augment considerably the 
velodty of the float-boards, according to the nature of the ma- 
chinery employed ; whereas, in vertical wheels, there is only 
one determinate velodty, which produces a maximum effect.^ 

In the southern provinces of France, where hori- ^^ 
zontal wheels are very generally employed, the float- lineal float- 
boards are made of a curvilineal form, so as to be °^*'^ 
concave towards the stream, as represented in Plate I, Fig. 11. 
The Chevalier de Borda observes, that in theory a double effect 
is produced when the float-boards are concave, but that this effect 
is diminished in practice, from the difiiculty of making the fluid 
enter and leave the curve in a proper direction. Notwithstand- 
ing this difiiculty, however, and other defects which might be 
pointed out, horizontal wheels with concave float-boards are al- 
ways superior to those in which the float>boards are plain, and 
even to vertical wheels, when there is a sufficient head of water. 
When the float-boards are plain, the wheel is driven merely by 
the impulse of the stream ; ' but when they are concave, a part 
of the water acts by its weight, and increases the velocity of 



i 

I 



^ See Mem. Acad. Par. 1767, p. 285. 
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the wheel. If the fall of water be five or six feet, a horizontal 
wheel with concave float-boards may be erected, whose maximum 
effect will be to that of ordinary vertical wheels as 3 to 2.^ 
Conical hori- I^ the provinces of Guyenne and Langueiloc, an- 
xoDtal whed other species of horizontal wheels is employed for 

with spinl ^ . ' , . -_„ . t* - m 

float-boaidfl. tummg machmery. They consist of an inverted 
Plate I. cone, A By with spiral float-boards of a ciirvilineal 
Fig. 12. fonn winding round its surface. The wheel moves 
on a vertical axis in the building D D, and is driven chiefly by 
the impulse of the water conveyed by the canal C to the oblique 
float-boards. When the water has spent its impulsive force, it 
descends along the spirals, and continues to act by its weight 
till it reaches the bottom, where it is carried off by the canal JIf. 

On Double Com-MUh. 

Double corn- It frequently happens that one water-wheel drives 
°"^ two piiUstones, in which case the mill is said to be 

double ; and when there is a copious discharge of water from a 
high fall, the same water-wheel may pve suflicient velocity to 
three, four, or five millstones. Mr. Ferguson has given a brief 
description of a double mill in Vol. I, p. 66, and a drawing of 
one in Plate III, Fig. 4, but has laid down no maxim of 
construction for the use of the practical mechanic. In supply- 
ing this defect, and following M. Fabre, let us first attend to 
double horizontal mills, in which the axis C D (Fig. 7) is fur- 
nished with a wheel which gives motion to two trundles, the 
arbors of which carry the millstones. 

In order to find the weight of the equipage for each mill- 
stone, multiply the product of the expense of water, and the re- 
lative fall, by 481 16 lbs, and divide the product by 2000, if there 
are two millstones, 8000 if there are three, and so on ; the quo- 
tient will be the weight of the equipage of each millstone. 
Size of the To determine the radius of the wheel that drives 

wheel that the trundles, find first the radius of the millstones 
trandies. ^Y ^he rules already given, and having added it to 

^ A Dew horizontal water-wheel has been recently described by Mr. Adamson. 
It consists of a horizontal wheel, with a number of vertical fioat-boards, descending 
below the general level of the wheeL The water is introduced into a cylindrical re- 
servoir, which surrounds the wheel, and issues from a number of cuts at the bottom 
of the reservoir, in the direction of tangents to the wheel's drcamferenoe. Hence 
the water acts against all the float-boards at the same time. The power of this 
wheel IS said to be double that of an undershot wheeL A full account of it will be 
*found in the Jwimal oftke Royal InsHtutiony yoL iv, pt 46. 
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half the distance between the two neighbouring mill-stones,' 
subtract from this sum the radius of the lantern, which may be 
taken at pleasure, and the remainder will be the radius required 
when there are two millstones. But if there are three millstones, 
or four, or five, or six, before subtracting the radius of the lan- 
tern, divide the sum by 0.864, 0.705, 0.687, 0.6, respectively. 
The mean radius of the water-wheel may be found sise of the 
by muhiplymg the square root of the reladve fall ^^»«w-wiied. 
by the radius of the millstone, by the radius of the wheel that 
drives the trundles, and by 881, and then £vidmg the pro- 
duct by the radius of the lantern multiplied by 1000, the quo- 
tient idll be the wheePs radius. It may happen, however, that 
the diameter of the' wheel found in* this way is too great 
When this is the case, we may be certain that the radius of 
the lantern has been taken too small. In order then to get a 
less value ibr the wheePs radius, increase a little the radius of 
the lantern, and find new numbers both for the water-wheel, 
and that which drives the trundles, by the preceding rule. It 
may happen also, tliat in giving an arbitrary value to the ra. 
dius of the lantern, the diameter of the wheel found by the 
rule may be too small, that is, less than seven times the breadth 
of the mill-course at the bottom of the fall. When this takes 
pkice, make the diameter of the water-wheel seven times the 
width of the mill-course, and you may find the radius of the 
other wheel and lanterns by the following rules. 

1. To find the radius of the wheel that impels ^® ci-^ f a. 
trundles ; add the radius of the millstone to half the ^^hed that 
distance between any two adioininsr millstones for a drim the 

<» . JO #.11 trundles. 

first quantity. Multiply the square root of the rela- 
tive fall by the radius of the millstone and by .^1 ; and hav- 
ing divided the product by the radius of the water-wheel, add 
unity to the quotient, and multiply the sum by i if there are 
two millstones, by .864 if there are three, by .705 if there are 
four, by .687 if there are five, and by .6 if there are six, and 
the result will be a second quantity. Divide the first by the 
second quantity, and the quotient will be the radius of the 

wheel that drives the trundles. 

2. To find the radius of the lantern, multiply the size of the 
radius of the wheel as found by the preceding rule, lant^n. 

by the square root of the relative fall, and by .231, and divide 

" This quantity may be taken at pleasure, and should uever be less than 2 feet, 
however great be the nomber of the miUstonef* ^ > 
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the product by,'the radius of the water-wheel ; the quotient will 
be the lantem^s radius. 

By the rules formerly ^ven, find the quantity of meal ground 
by one millstone, and having multiplied this by the number of 
millstones, the result will be the quantity ground by the com- 
pound mill. 

If the equipage of the millstone of a vertical mill, as found 
in page 25, should be too great, that is, if it should ^require 
too large a millstone, then we must employ a double mill, like 
that which is represented in Plate III, Fig. 4, Vol. I, or one 
which has more than two millstones. 

In order to know the equipage of each millstone, find it by 
the rule for a angle mill, and having multiplied the quantity 
by .947, divide the product by the number of millstones, and 
the quotient will be the equipage of each miUstone. 

The radius of the wheel D (Plate III, Fig. 4, Vol. I) will be 
found by the same rule which was given for horizontal mills ; 
but it must be attended to, that the lantern whose radius is 
there employed is not B JS, but FG or EH. 
Size of the ^^ determine the mean radius *of the large spur- 

spur-wheeL wheel A -4, which is fixed upon the arbor of the 
water-wheel, multiply the square of the radius of the lanterns 
FG or EHy hy the radius of the water-wheel, and also by 
4302, and a first quantity will be had. Multiply the square root 
of the relative fall by the radius of one of the millstones, and by 
the radius of the wheel D, and by 1000, and a second quantity 
will be obtained. Divide the first quantity by the second, and 
the quotient will be the mean radius of the wheel A A. 

The quantity of meal ground by a compound miU of this 
kind, is found by the same rule that was employed for com- 
pound mills driven by a horizontal water-wheel. 

Besanfs Undershot Wheel, 

Besant's "^^^ water-wheel invented by Mr. Besant of Bromp- 

undershot ton is constructed in the form of a hollow drum, so 
^ as to resist the admission of water. The float^boards 

are fixed obliquely in pairs on the periphery of the wheel, each 
pair forming an acute angle> open at its vertex. This is re« 
presented in Plate I, Fig. 13, where ^ JB is the wheel, C Z> 
its axle, and mti^ op^ the|X)sidon of the float-boards. In 
common undershot wheels, their motion is greatly retarded 
by the resistance opposed by the tail water to the ascending 
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float-boards ; and their velocity is still farther diminished by 
the resistance of the sir. But when the preceding construction 
is adopted, the resistance of the air and the ttdl water is greatly 
diminished by the oblique position of the float-boards. 

Undershot Wheel moving at Right Angles to the Stream. 

Undershot wheels have sometimes been constructed like wind- 
mills, having large inclined float-boards, and being driven in a 
plane perpendicular to the direction of the current Albert 
£uler, who has examined theoretically this species of water- 
wheel, concludes that the eflect will be twice as great as in com- 
mon undershot wheels, and that in order to produce this ef- 
fect, the velocity of the wheel, computed from the centre of 
impression, should be to the velocity of the water as radius is 
to thrice the sine of the inclination of the float-boards to the 
plane of the wheel. When the inclination is 60°, the ratio will 
be as 5 to IS nearly, and when it is 80°, it will be nearly as 
2 to 3. In this kind of wheel, a considerable advantage may 
also be gained by inclining the float-boards, to the radius. In 
this case, the area of the float-boards ought to be much greater 
than the section of the current, and before one float-board leaves 
the current, the other ought to have fairly entered it. This 
construction may be employed with advantage in deep rivers 
that have but a small velocity. 

On the Constrtiction of Breast Wheels. 

A breast water-wheel is a wheel in which the ^ater Breast 
is delivered at a point intermediate between the up- wheels, 
per and under point of a wheel with float-boards. It is generally 
delivered at a point below the level of the axis, as in Plate I, 
Fig. 14, but sometimes at a point higher than the level of the 
axis, as in Fig. 15. On breast wheels, buckets are never em- 
ployed, but the float-boards are fitted accurately, with as little 
play as possible, to the mill-course, so that the water, after act- 
ing upon the float-boards by its impulse, is retmned between the 
float-boards and the mill-course, and acts by its weight till it 
reaches the lowest part of the wheel. 

A breast wheel, as constructed by Mr. Smeaton, is repre- 
sented in Fig. 14, where ^ jB is a portion of the wheel, NM the 
canal which conveys the water to the wheel, MOP the curvi- 
lineal mill-course accurately fitted^ to the extremity of the float- 
boards, and cd the shuttle moved by a pinion a, for the pur- 
pose of regulating the admission of water upon the wheel. 
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An improved breast wheel is shewn in Fig. 16. The water is 
delivered on the wheel through an iron grating a &, and its ad- 
mission is regulated by two shuttles c, d, the lowermost of 
whichy dj is adjusted till a sufficient quantity of water passes 
over it ; while the other c, which is generally moved by ma- 
chinery, is madQ to descend upon d, so as to stop the wheel. 

According to Mr. Smeaton, " the effect of a breast- wheel is 
to the effect of an undershot wheel, whose head of water is 
equal to the difference of level between the surface of water m 
the reservoir, and the part where it strikes the wheel, added to 
that of an overshot whose height is equal to the difference of 
level between the part where it strikes the wheel, and the level 
of the tail water.'' 

M. Lambert observes, that when th^ fall of water is between 
4 and 10 feet, a breast water-wheel should be erected, provided 
there is enough of water ; that an undershot wheel should be • 
used when the fall is below *4 feet, and an overshot wheel when 
the fall exceeds 10 feet. He recommends also that when the 
fall exceeds 10 feet, it should be divided into two, and two 
breast wheels erected upon it The following Table, which 
may be of utility to the practical mechanic, is calculated from 
the formulae of Lambert,^ and exhibits at one view the result 
of his investigations. 



Table fir Breast MiOs. 



1 Height of the) 
1 fiUTtai fleet. 


Bnaddi 
of the 
float- 
boards. 


DepOiof < 

the float- 

boaida. 


Radius of wata 
whed teckoned 

of float-boar^ 


Velocity 

.of the 

wheel per 

second. 


Time in 
which aie 
whedpet> 
fornisone 
revolution. 


Turns of 
ae mill- 
stone for 
oneoftlie 
wheeL 


Force of 

the water 

upon the 

float- 

boardfi. 


Wat» re- 
quited per 
second to 
tumOie 
wheH. 


FLDea 


Ft. Dec. 


Ft. Dec 


Ft Dec 
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lb8.Avoir. 


CuU Ft. 


1 


0.17 


198. & 


0.76 


2.18 


1.92 


4.80 


1636 


74.80 


2 


0.84 


35. 1 


1.60 


3.09 


2.72 


6.80 


1084 


37.16 


3 


0.61 


12. 7 


2.26 


3.78 


3.33 


8.32 


886 


24.77 


4 


0.69 


6. 2 


3.01 


4.36 


3.84 


9.60 


762 


18.67 


5 


0.86 


8.67 


3.76 


4.88 


4.28 


10.70 


686 


14.86 


6 


1.03 


2.25 


4.61 


6.36 


4.70 


11.76 


626 


12.88 


7 


1.20 


1.63 


6.26 


6.77 


6.08 


12.70 


681 


10.61 


8 


1.37 


I.IO 


6.02 


6.17 


6.43 


13.68 


543 


9.29 


9 


1.54 


0.81 


6.77 


6.66 


6.76 


14.40 


612 


8.26 


10 


1.71 
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7.62- 


6.90 


6.07 


16.18 


486 


7.43 


1^ 


2 


3 


4 


6 


6 


7 


8 


9 



' iVowr. Mem. de VAcad, de Berlin, 1775, p. 71. 
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It is evident from the preceding table, that, when the height 
of the fall is less than S feet, the depth of the float-boards is so 
great, and their breadth so small, that the breast-wheel cannot 
well be employed ; and, on the contrary, when the height of 
the fall approaches to 10 feet, the depth of the float-boards is 
too small in proportion to their breadtfi. The^ two extremes, 
therefore, must be avoided in practice. The ninth column 
contains the quantity of water necessary for impelling the 
wheel, but the total expense of water should always exceed 
this by the quantity, at least, which escapes between the mill- 
course and the sides and extremities of the float-boards. 

Ofi the Construction of Overshot Wheels. 

An overshot wheel of the common kind is re« Oenhot 
presented in Plate II, Fig. 1, where ABCD is ^^ecU- 
the rim of the wheel, having a number of buckets a, 6, c, d, 
arranged round its circumference. When the wheel is in a 
state of rest upon its axis O, and water is introduced into the 
bucket c bom, the horizontal mill-course or canal EF^ the 
weight of the water in the bucket, acting at the end of a lever 
equal to tti O, puts the wheel in motion in the direction c J. 
When the ^subsequent bucket b comes into the position c, it 
is also filled with water, and so on with all the rest. When 
the bucket c reaches the situation of t2, its mechanical effect to 
turn the wheel is increased, being now equal to the weight of 
water acting at the end of a lever n O, equal to the distance 
of its centre of gravity d, from a vertical line passing through 
the axis O, so that the mechanical effect of the water in the 
bucket increases all the way to B^ and of course diminishes 
while the buckets are moving from B to C 

The buckets^ however, between B and C, have not the same 
power upon the wheel as those between A and B ; for the 
water begins to fall out of the buckets before they approach to 
i?, and are almost completely empty when they reach the point 
H, The construction of the buckets, therefore, as shewn in 
the figure, is very improper^ as it not only allows the water 
to escape before it has reached the point fi, where its me- 
chanical effect is a maximum, but also to escape completely^ 
long before they have ceached the lowest point C of the wheel. 
The power, therefore, of an overshot wheel must depend prin- 
cipally upon the form which is ^ven to. the buckets, which. 
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should always be fullest when they are at the point Bj and 
should retain the water as long as possible. If the buckets 
were to consist of a single partition in the direction of the radii 
of the wheel, all the wtiter would ^scape from the buckets be- 
fore they passed the point jB on a level with the axis O. 

The form of ^ bucket, which has been regarded as the best, 
is shewn in Fig. 2, by the ]me D C B A G IK L^ where it 
is represented as composed of three partitions, viz. A B and 
G /, called the start or shoulder, which lies in the direction of 
the radius ; B C and /JT, called the arm, and inclined at an 
obtuse angle to the radius ; and CD, K L, called the wrist, 
and inclined at an angle less than 180^ to the arm B C or IK. 
The depth AG o{ each bucket is about IJ of GH; AB 
is I of AM; and the angle ABC is such, that B C and GI 
prolonged would pass through the same point JET. It ends, 
however, in C: so that F C is f ths of G H; and CD is placed 
so, that H D is nearly Jth of HM. Hence it follows, that 
the area F AB C is nearly equal to* D AB C ; so that the 
quantity of water FABC will still continue in the bucket 
when ^ Z> is a horizontal line, which happens when A B forms 
an angle of about 36"* with a vertical line. The preceding con- 
struction of the buckets is obviously too complicated, and very 
little additional power is gained by the angle BCD. Hence 
the general practice is to continue B C to H, and AB is ge- 
nerally only Jd of G JET. 

New form of Such is the general view of the construction of 
tfae4)ackets. buckets, which is ^verf by Dr. Robison ; but we 
cannot agree with him in' thinking that this form is the best. 
It must be obvious, upon the slightest consideration, that the 
power of the wheel would be a maximum, if the whole of its 
semi-circumference were loaded with water. This effect would 
be produced, if the buckets had the shape shewn in Pig. 8, 
where A B C is the form of the bucket, A B being in the di- 
rection of the radius, and B C part of the circumference of the 
wheel, and nearly equal to A D, This construction is, how* 
ever, impracticable, as the aperture JE C is not large enough 
either for the admission or the escape of the water, and when 
the last portion of the water flows out along B C, it would 
strike against the bottom D E of the bucket immediately 
above it. We must therefore consider what modification this 
form should receive, in order to give a free passage to the 
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water at E C. This may be effected, by makiiig B C 
(Fig. 4>) a little larger than B £, and diminishing A B^ no 
as to make the angle JBC a, little greater than 90^. In this 
way an aperture d E will be obtained, of sufficient magnitude 
both for the introduction and the discharge of the fluid ; and 
the last portion of water will no longer strike against the bottom 
Dd of the upper bucket. The angle ABE may be brought 
still nearer to a right angle, as in Fig. 8, by rounding the angles 
at B and d. This will allow £ to be brought nearer d. When 
the water is properly introduced by the methods afterwards to 
be described, this construction will be found to give great 
additional power to the wheel. Hence we see the reason why 
the inclination of 2> C, in Fig. 2, is advantageous, as it is an 
approximation to the preceding construction. 

The late Mr. Robert Bums of Cartside in Ben- jDoabb 
frewshire, a most ingenious millwright and me- bndoBti. 
chanic, proposed what appeared to be a very great ^^ •• 
improvement upon the form of the buckets in overdiot wheels* 
It consisted in using a double bucket, as shewn in Fig. 5, 
where £ JIf is a partition almost concentric with the rim, and 
placed so as to make the inner and outer portions of the bucket 
hold equal' quantities of water. When these buckets are filled 
|d, they retain the whole water at 18° from the bottom of the 
arch, and they retain ^ of the water at 11^ Another great 
advantage of this construction is, that when there is little water 
to drive the wheel, it may be directed, by a slight adjustment 
of the spout, into the outei* bucket^ so as to make up, by the 
additional length of lever, for the small quantity of water 
which is in use. These advantages, however, are found in 
practice to be counterbalanced by disadvantages which cannot 
be got the better of. The water is found never to fill the inner 
buckets, and on this account we believe Mr. Bums did not put 
the construction in practice. 

It has in general been assumed by writers on water wheels, 
that the diameter of overshot wheels should always be less 
than the height of the fall of water by which it is to be put in 
motion, and various ratios have been assigned between the 
height of the fall and the diameter of the wheel. The Che- 
valier de Borda has shewn, that overshot wheels will produce 
a maximum effisct when their diameter is equal to the greatest 
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height of the fall, but that a slight diminution of the wheels 
diameter |M*oduces only a very small dkninution of the maiimum 
effect. If the height of the fall, for example, is 12 feet^ and 
if the diameter of the wheel is made only 11 feet, the efect si 
diminished only ^^. This theoretical insult has been confirm^ 
ed by the admirable experiments of Mr. Smeaton, who found, 
^^ that fhe higher the wheel is in proportion to Ike whok deeceni^ 
the greater wiU be Ihe effect ;^ because, as he remarks, ^ it de- 
pends less upon the impulse of the head, and more upon the 
gravity of dae water in the buckets ; and if we consider how 
obliquely the water issuing from the head must strike the 
buckets, we shall not be at a loss to account for the little ad-> 
vantage that arises from the impulse thereof, and Aail imm^ 
diately see of how little consequence this impulse is to the effect 
of an overshot wheeL" 

If die diameter of the wheel were equal to the whole height 
of tJhe fall, the water would be laid in the buckets without 
having acquired any velocity ; so that a portion of the power 
of the wheel would be spent in dragging this inert mass into 
motion, and also by the impulse of the buckets against the 
watar, which wiU dash a part of it over the wheel. Hence it is 
necessary that the difference between the head of water and the 
diameter g£ the wheel should be such, that the water may ac* 
quire in its descent through that space a velocity a little greater 
than that of the circumference of the wheel. In this view of 
the subject, the water should fall through a height of £| or 3 
ipches per secc»id, in order to acquire the vdocity of the wheel ^ 
and theref(»:e the diameter of the wheel should be only 3 indies 
less than the height of the fall. 

The determination of the diameter of an overshot wheel, as 
givesa by B^irda, Smeaton, Robison, and other authors, is 
founded upon the assumption, that it never dhouid exceed the 
height of the fall. Let us suppose that we have a fall of 12 
feet, and that the wheel should have a diameter of 11 feet ac- 
cording to Borda, then it appears to us, that a great advantage 
will be derived from making the wheel 15 feet. Now it is ob- 
vious, that the advantage of using the 15 feet wheel is, that we 
apply the water where it will act most perpendicularly to the 
line O B (Fig 1), or the radius of the wheel, whereas tlie 
disadvantage of such a wheel is, that it begins to lose its water 
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mucb sooi^r than the small one. We <£iFer in opinion froih 
Dr. Robison when he says, that the loss of power in the latter 
case exceeds what b gained in die former case; but we diall 
admit that it is so, and there will still be reason for maimtaiiw 
ing the superiority of the 15 feet wheel When the whed has 
a diameter less than the hdlght of the fall, an j alimentation of 
the quantity of water discharged by the mill-course is of no use 
in increasing the effect of the wheel. The issuing water indeed 
acquires a velodity greater than it usually has, but this additional 
velocity is injurious to the motion of the wheel instead of beii^ 
of any advantage. In the case of a 15 feet wheel, however, when 
the water rises 1 or2 feet above its usual level, we have it in our 
power, by a particular form of the delivering^ sltiice, to intio* 
duce this water upon the wheel 1 or 2 feet higher up the wheel, 
so that we are actually enabled to increase the hei^t of the fall 
by this quantity. 

From a series of experiments ixt overshot wheels, q^ ^^ ^^ 
by M. Deparcieux, and pubEshed' in 1754, he has aty of otfr- 
concluded, that most work is performed by an over- ^oedM. 
shot wheel when it moves slowly, and that the more we retard 
its motion by increasing the work to be performed, die greater 
will be the performance of the wheel. These experifaients were 
made with a wheel 90 inches in diameter, imd having 48 
buckets. Cylinders of difierent diameters were |^ced upoB 
the axle, and the effect of the wheel under different velocities 
was measured by the height to whidi it raised a weight sus- 
pended to a rope, which was wound round the different cylin-^ 
ders ; and the general result was, that the slower the wheel 
turns, the greater is the ^^, or the height to which the 
w^ght is raised. 

In opposition to these results, the Chevalier D^Arcy main- 
tained, that there is a certain velocity when the effect is a maxi- 
mum ; and he has shewn, from a comparison of Depaicieux's 
experiments witli his own formulae, that the wheel never moved 
with such a small velocity as wouM have given the maximum 
effect, and that if he had increased the diameter of his cylin. 
ders, he would have found that there was a velocity when the 
maximum effect began to diminish. 

The experiments of Smeaton afford an exceUent confirmation 
of the preceding reasoning. The wheel which he used was 
26 inches in diameter. The depth of the buckets, or of the 
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shrouding, was 2 inches, and the number of buckets 36. When 
it made about 80 turns in a minute, the effect was nearly the 
greatest. When the number of turns was SO, the effect was 
diminished ^^^th part. When the number was 40, the diminu- 
tion was ^th ; when the number was less than 18^, its motion 
was irregular ; and when it was loaded so as not to be aUe to 
make 18 turns, the wheel was overpowered by its load. 
Smeaton'g ^^ It IS an advantage in practice,^ says Mr. Smear- 

experiments, t^^^ « that the velocity of the wheel should not be 
diminished farther than what will procure some solid advan- 
tage in point of power ; because, ceteris parUms^ as the mo- 
tion is slower the buckets must be made larger ; and the wheel 
being more loaded with water, the stress upon every part of 
the work will be increased in proportion. The best velocity for 
practice, therefore, will be such, as when the wheel here used 
made about SO turns in a minute ; that is, when the velocity of 
the circumference is a little more than three feet in a second. 

" Experience confirms, that this velocity of tjiree feet in a 
second is applicable to the highest overshot wheels as well as 
the lowest ; and all other parts of the work being . properly 
adapted thereto, will produce very nearly the greatest effect 
possible ; however; this also is certain from experience, that 
high wheels may deviate farther from this rule before they will 
lose their power by a ^ven aliquot part of the whole, than low 
ones can be admitted to do ; for a wheel of 24 feet high may 
move at the rate of six feet per second without losing any con- 
siderable part of its power ; and, on the other hand, I have 
seen a wheel of S3 feet high, that has moved very steadily and 
well with a velodty but little exceeding two feet^ 
BoBsat*s ex. The experiments of the Abb^ Bossut afford the 
P™**®**"" same results. He used a wheel three feet in diame- 
ter. The height of the buckets was three inches, their width 
five inches, and their number 48 ; and the canal which con- 
veyed the water furnished uniformly 1194 cubic inches in a 
minute. Wlien the wheel was unloaded, it made 40i- turns in 
a minute. The following table, for which we have computed 
the fourth column, contains the results which he obtained. 
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Number 

of pounds 

nised. 



11 

12 
13 
14 
15 
16 
17 
18 
19 
20 



Number of seoondt in 

which tfaelosdwa* 

railed. 



60" 

60 

60 

60 

60 

60 

60 

60 



Number of revolotions 

performed by the 

wheeL 



n4e 

940 

91 

8 

79 8 



£fitoof the whed, or the 

product of the number of 

torot multiplied by the 

loud. 



13111 
184IS 
13611 
137JS 
188A 
138{S 
189^ 
138 



The wheel turned very slowly. 
The wheel stopped, though first put in motion by 
the hand to make it catch the water. 



From this table it appears that the effect is a maximum when 
the number of turns is 8/gy or when the velocity of the circum- 
ference is 1 foot 4 inches per second. The effect diminished 
by diminishing the velocity, and the wheel was at last over- 
powered by its load, as in Smeaton^s experiments, which ought 
always to happen when the remstance or load is equal to the 
effect of all the buckets when acting upon a semicircumference 
of the wheel with their respective quantities of water. 

In comparing the relative effects of water wheels, the Che- 
valier de Borda maintains, that an overshot wheel will raise 
through the height of the fall a quantity of water equal to that 
by which it is driven; while Albert Euler affirms that the 
effect is greatly inferior to this. The experiments q^ ^ ^^^ 
of Mr. Smeaton shew, that when the heads and ofovenhot 
quantities of water are least, the ratio between the ^ "* 
power and the effect at the maximum is nearly as 4 : 3 ; but 
when the heads and quantities of water were greater, it is as 
4 : ^ ; and by a medium of the whole, it i|S as 3 : 2. When 
the powers of the water, computed for the height of the wheel 
only, are compared with the effects, they observe a more con- 
stant ratio, the variation being only between the ratio of 
10 : 8.1 and 10 : 8.5. Hence the ratio of the power, computed 
upon the height of the wheel only, is to the effect, at a maxi- 
mum, as 10 : 8, or as 5 : 4 nearly ; and the effects, as well as 
the powers, are as the quantities of water and perpendicular 
heights multiplied together respectively. 

The form of the delivering sluice, and the method of intro- 
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ducing the water into the buckets, will be best explained in the 
description of different overshot wheels. 

SmeaUyrCa Overshot Wheel. 

Smcaton's ^^'^ overshot wheel, as constructed by Mr. Sinea- 

overshot ton for the upper paper-mill of Thornton, is shewn 
^ ** in Plate II, Fig. 6, where the diameter of the wheel 

is as nearly as possible equal to the height of the fall ; and an- 
other wheel, which he considered as of an improved form, is 
represented in Fig. 7, where the diameter of the wheel exceeds 
the height of the fall. In bol^ these figures A B is the wheel, 
and M N the extremity of the mill-course, where the water is 
delivered into the buckets. A vertical lever a b c turning 
round & as a centre, gives motion to the horizontal ^rm c d, 
and causes one of the shuttles ^y* to advance or recede ; in con- 
sequence o£ wliich, the aperture on the right hand of jTmay be 
either increased or diminished, for the purpose of regulating 
the supply of water which the wheel may require. The iron 
bolt g goes through the bottom c^ the trou^ between the two 
shuttles, and is intended to prevent the bottom from sinking by 
the weight of the water. From the (ana of tl^e aperture at 
^ it will be seen that the water will glide easily into the buckets 
without any waste. In both these machines, the water is 
turned back xm the near half of the wheel ; the consequence of 
which is, that the resistance of the lower water is removed, as 
it runs off in tiie same direction with the motion of the wheel. 
The wiieel in Fig. 6 is made to fit its sweep and the ades of 
tlie conduit as if it were a breast wheel, so that the water does 
not get out of the buckets till it reaches the lowest point. 

Improved overshot wheel: 

An excellent overshot wheel, which we understand is used in 
Yorkshire, is represented in Fig. 8. It differs from the wheel 
in Fig. 6, in the construction of the extremity of the mill- 
Qourse, and in the mode of delivering the water upon the wheel. 
A pinion d, turned with a handle, works in the teeth of a rack 
c a, having a roller a, whose breadth is equal to that of the mill- 
course, fixed at its extremity. .Upon this roller is fixed a large 
piece of leather, which, after wrapping round part of the cylin- 
drical circumference, extends downwards to 6, where it is fixed, 
as seen in the. figure, between two plates of iron or wood held 
together by screws. This leather forms the shuttle in the fol- 
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lawMilg manner* When the water stands so low in the mill- 
course M N9 that none of it runs over the roller ao as to fall 
into the biiieketSy the pimon d is made to move from right to 
left, ^ as to c«u«e the rack c a and roller a to descend. The 
le^^ buttle is thu» wound up upon the nJler, and the water 
i$ id\ow^ to pass over the surface a^ and fall into the buckets 
through the apertures made of iron bars» as shewn in the figure. 
When the water, on the cwitrary, rises in the mill-course, so 
th^l too ipudi of it flows over the roller, the rack is made to 
move in ,tbe <^ppoeite direction, so as to diminish the supply* 
{n thia ^nfitri^etion of the regulator, we see at once the advan- 
tages stated in p. 51, of having. the diameter of the wheel A B 
gi^ea^er than the height of the fall ; for we are at liberty to take 
a^lya^tag^ ot the additional head which is gmned by any increase 
vsk the qufM(itity of water vHch is conveyed to the wheel. 

Description of Mr, Bumi aoershot wheel wMwui a shaft * 

This very ingenious machine was invented and erected by 
the late Mr. Burns. It is represented in two different sections 
in FigSf, 9 aiid i% Plate II, and forms a large hollow cylinder 
bj its budiet^ and sole, without having any shaft or axle-tree. 

This wheel is 12^ feet diameter, and 7 feet broad over all, 
and has 28 buckets. The gudgeon is 6 inches diameter, by 9 
inches lopg. The flaunch is 1| inch thick at the extreme 
points* The arms are of red-wood fir, 6. inches square ; one 
piece making two arms in length, where they cross one another 
at the wheels centre, 1:^ inch of the wood remaining in each, 
connecting the two opposite arms as one piece. The wheel waa 
ma^ by first fitting the gudgeon into a large piece of hard 
wood,, with the fiaimch parallel to the horizon, and in that po- 
sition the arms and rings were trained and bound fast to it. 
All the grooves for starts or raisers, and buckets, were cut out 
before it was removed ; first one piece was bolted to the flaunch 
at a a (Fig. 9), and so of the others, leaving the distant open- 
ings for the pro^ bars that reach between each arm and its op> 
posite arm. These bars, or pieces, were only 4 inches square, 
and ^ere of good beech- wood, turned round in the body. They 
were 10 inches square at each end, in which was fitted a strong 
nut for a bcdt, 1^ inch thick, to go through b, and connect the 
two side^ together. 

After the arms were trained and fixed right upon the gud- 
geons, the imiermost ring was completed ; the tenons were train- 
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ed on the arms first, and the rings, 4^ inches thick and 8 inches 
deep, put on by keys driven into the mortice. The remaining 
tenons were then reduced from 1^ to 1 inch thick, and the 
outermost ring, only 3 inches thick by 6 inches deep, was firmly 
wedged thereon, and bound fast at the other ends by three strong 
wooden pins,, as at O C, to the lower ring; the outade of the 
uppermost and undermost rings are flush, all the additional 
thickness of the lower ring projecting inside the buckets. 

Some difficulty was found in laying the water properly into 
the buckets of this wheel, owing to the narrowness of the mouths 
of the buckets, by the high start or raiser, which was remedied 
by adopting the following plan. 

The openings in the bottom of the troughing should be of 
iron, and so distant from each other that the water irom them is 
thrown into two separate buckets. The iron curved parts should 
also be moveable, to adjust the openings to the quantity of wa- 
ter necessary for the wheel. Unless the head of water is 12 or 
14 inches above these openings, it will be difficult to give it the 
proper direction into the buckets, especially if the openings are 
pretty wide for them ; for then it deviates the more down from 
the line of direction, and tends to retard the wheel, by striking 
on the outside of the bucket. 

The openings from which the buckets are fiUed, ought to be 
10 inches less in length than the buckets, i. e. 5 inches at each 
ride, otherwise the water is apt to jerk over on each side of the 
wheel, as the edge of the bucket passes by. 

The mode of making and finishing the wheel at Cartside re- 
quires very little workmanship, compared to the usual method ; 
and any good joiner will do it as well as a mill-wright. The 
joiner finished Cartside wheel in six or seven weeks. The con- 
struction will be better understood from the following reference 
to the figures. 

Fig. 9 represents three distinct transverse views. The part 
marked A, supposes a part of the shrouding in section shewing 
the pins ; the part marked B^ is a section of the wheel through 
any part of the buckets, and shewing three of the ties, 1, 3, 8, 
in section. Part C shews the manner in which the exterior ends 
of the wheel are finished, also the gudgeons, flaunch, &c. 

Fig. 10 is a longitudinal section of the wheel through one of 
the arms, shewing the projection of the shrouding— the maniher 
in which the arms of the wheel are connected together^— and like- 
wise the manner in which the ties are connected to the gudgeon. 
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Description of a DoiMe Overshot Wheel xeiih a Chain of 

Buckets, 

When there is a very small supply of water falling from a very 
great head, the overshot wheel which it is necessary to employ 
is so largcTand expensive, and so apt to be injured from its un- 
wieldy fflze, that few persons would be disposed to erect one. 
We have seen at Coalbrook Dale a very excellent overshot 
wheel, of about fifty feet in diameter, which went remarkably 
well ; and we understand that there are in Wales some wheels 
of nearly double this diameter. In circumstances like this, the 
double overshot wheel, with a chain of buckets, is a most in- 
valuable machine, not merely from the small price at which it 
can be erected, but from the great power which it affords. A 
machine of this kind seems to have been first erected by M. 
Francini in 1668, in the garden of the king of France^s old li- 
brary. This machine of Francini'*s was driven by waste water, 
and raised water frc»n a natural spring, by means of another chain 
of buckets fixed upon the same wheel. 

M. Costar substituted a similar machine in place of die over- 
shot wheel ; and more recently Mr. Gladstanes, an ingenious 
millwright at Castle Douglas, without knowing that he had been 
anticipated in the invention, erected several in Galloway for the 
purpose of giving motion to threshing-mills. 

The double overshot wheel is represented in Plate II, Fig. II, 
where A and B are two rag wheels, as they are called, and 
C DJE F a, series of buckets fixed to an endless chain, whose 
links fall into notches in the circumference of the rag wheels. 
The water issuing from the mill-course at MN, is introduced 
into the buckets on the side C. The descent of the loaded 

, I buckets on the sdde C puts the wheels J and B in motion, 
and the power is conveyed from the shaft of the wheel A 
to turn any kind of machinery. When the buckets reach jP, 
they allow the water to escape, and ascending empty on the 

I side Ey they again return to the spout Jf iV, to be filled as be* 
fore. In this machine, the buckets have in every part of their 
path the same mechanical efiect to turn the wheels, and they 
will not allow the water to escape till tliey have reached almost 

! the lowest part of the fall. 

This species of wheel possesses another advantage, which can 

I be obtained from no other, namely, that by raising the wheel B^ 
and taking out two or three of the buckets, it may be made to 
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work when there is such a quantity of back-water as would other- 
wise prevent it from moving. 

Dr. Robison, in his Dissertation on Water Works, published 
in the second volume of his System of Mechanical PhUoMphy^ 
has described a machine of this kind, in which plugs, or hori* 
zontal float-boards, are fixed to a chain. On the side C these 
plugs pass through a tube, a little greater in diameter than th^t 
of the floats, and the water acting by its pressure uppn \}ae$e 
floats, as it does in the case of a breast-wheel, gives motion to 
the wheels A and B. 

» 

The double overshot wheel is the best and the most ecpn(»ni* 
cal which can be adopted for a small supply of water falling from 
a great height; but it is liable to get out of or^er, unless the ch^iin 
which carries the bucket is made witli great cafe and ni^ty. 

On the method qfcomptUing the effective power of overshot wheeh 

in turning machinery. 

In overshot m'dls, where the wheel is moved by the weight 
of the water in the buckets, each bucket has a difierent pow^ 
to turn tlie wheel ; and this power is proportioned to the dis- 
tance of the bucket from the top or bottom of th^ wheel ; or 
more accurately, to the sine of the arch contained between the 
centre of the bucket and the top or bottom of the wheel, ac- 
cording as the bucket is above or below its centre. The 
bucket, for instance, placed upon the top of the wheel, ha9 no 
power to turn it ; the bucket next to this contributes but a 
little to turn the wheel, because it is virtually placed at the 
extremity of a very short lever ; whereas the bucket, which is 
equally distant from the top and bottom of the wheel, and 
which is level with the centre, has the greatest power to turn 
it, because it acts at the extremity of a lever equal to the 
wheePs semidiameter. If we suppose, then, that each bucket 
contains one gallon of water, equal in weight to 10.2 lbs. avoir- 
dupois ; we may, by the simplest operations in trigonometry, 
compute, in pounds avoirdupois, the power which each bucket 
exerts in turning the wheel ; and, by taking the sum of these, 
we will have the effective weight of the water^ in the buckets, 

^ This phrase, which is used by practical' mechanics, is very exceptionable ; as 
every drop of water in the buckets, excepting the vertical bucket, is efecthe. By 
the effective weight cxf the water, therefore, we must understand that weight which, 
if suspended at the opposite extremity of the wheel, would keep it in equU^riot «r 
balance the loaded archt 
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and, consequently, its proportion to the real weight of the 
water^ with which the semi-circumference of the wheel is 
loaded. Those who choose to make this calculation, will find 
that the total weight of water upon the semi-circumference of an 
overshot wheel is to the effective weight as 1 to .637 ; but, as 
two or three a£ the buckets at the bottom of the arch are al- 
ways anpty, the proportion will rather be as 1 to .76 nearly. 
FroDQi these principles, we may deduce the following method, 
simpler than any hitl^erto given, of computing the effective 
weight of water uppn <>vershot wheels of any diameter. 

iluk, — Multiply the constant number 6.12 by Rule for 
half the number of buckets, and this product by the ^^S »*• 
number of gallons in eadi bucket, and the result will be the 
effective weight of the water upon the wheel, three buckets 
beS^g supposed empty at the bottom. This rule is pretty 
accurate for whedis from 20 to S^ feet in diameter. But when 
die diameter <£ the wheel is less than ^ feet, the answer given 
by the rule must be diminished one pound avoirdupois for every 
foot which the wheel is less than 90, 

Suppose that it is required to find the effective weight of 
water uppn a wheel 18 feet in diameter, having 40 buckets, 
each ocHitaining two gallons ale measure. Then 6.13x80x2 = 
244.8. But as the diameter of the wheel is two feet below 20, 
we must deduct two pounds from the preceding answer, and 
the result will be 242.8 lbs. avoirdupois. 

On the perfbrmance of Overshot cmd Undershot Mills. 

From a number of accurate experiments made by 
the ingenious Mr. Fen wick, upon a variety of excel- of overshot 
lent overshot mills, it appears, that when the water "f ^ under. 

Suot wiiccls 

wheel is 20 feet in diameter, 392 gallons of water 
per minute j^ale measure) will grind one boll of com per hour 
(Winchester measure) ; 675 gallons per minute will grind 2 
bolls; 945 gallons will grind 3 bolls; 1270 gallons will grind 
4 bolls, and 1623 gallons will grind 5 bolls. From these data 
it will be easy to compute the performance of an overshot mill, 
whatever be the diameter of the wheel and tlie supply of 
water. 

Example 1 — Let it be required to find how 
many bolls of corn will be ground by an overshot ^"°P^' 
mill, driven by a wheel 25 feet in diameter, upon which 1 150 
gallons of water are discharged in a minute. Say, as the 






60 PERFOEMAVCE OF UNDERSHOT WHEELS. CH. I« 

OcUs. Bolb. Calls. BoU*. 

nearest number 1270:4=1150:8.62, the quantity of corn 
ground by a wheel 20 feet in diameter. Then to find the 
quantity which a 25 feet wheel will grind, say, 

Feet BollR. Feet Bolb. 

As 20 : 3.62= 25 : 4.52, the answer required. 
Examfte 2. — If it is required to grind 8^ bolls of com per 
hour, where the stream discharges 2220 gallons in a minute, 
what must be the diameter of the wheel ? Find the number of 
gallons which a 20 feet wheel will require for grinding the 
given quantity of com by the following proportion. 

Bollc Gallf. Bolli. Galls. 

As 4 : 1270 = 8.6 : 1111. Then, by inverse proportion. 

Galls. Feet Galls. Feet 

1111 : 20 = 2220 : 10, the diameter of Uie wheel required. 
Perfomuuioe ^° order to find the quantity of com ground by 
dfuofUnhot an undershot mill, which is moved by a similar 
wheel, and a similar quantity of water, as an over-r 
shot mill ; divide the quantity ground in an overshot mill by 
2.4, and the quotient will be the answer. If it is required to 
know what size of wheel is necessary for making an undershot 
mill grind a certain quantity of com, the supply of water being 
given; find the size of an overshot wheel necessary for pn>- 
ducing the same efiect, and multiply this by 2.4 ; the product 
will be the required diameter of the undershot wheel. 

On Wheels driven by the ReacHon or Counterpressure of Wetter. 

Dr. Barker's The first mills which were driven by the reaction 
mfll. Qf ^ater were called Barker'^s mill, and sometimes 

Parent'^s mill. We are not acquainted with the nature of 
M. Parents claim to the invention ; nor can we determine whe- 
ther the priority is due to him or to Dr. Barker. Dr. Desa- 
guliers, who seems to have been the first person who published 
an account of the machine, describes it as having been invented 
by Dr. Barker. " Sir George Saville says, he had a mill in 
Lincolnshire to grind com, which took up so much water to 
work it, that it sunk his ponds visibly, for which reason be 
could not have constant work ; but now, by Dr. Barker^s im- 
provement, the waste water only from Sir George's ponds keeps 
it constantly to work."" 

Dr. Barker's mill is shewn in Plate II, Fig. 12, where C D is 
a vertical axis, moving on a pivot at D, and carrying the upper 
millstone m, after passing through an opening in the fixed 
millstone C Upon this axis is fixed a vertical tube T T 
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communicatiDg with a horizontal tube J B^ at the extremities 
of which A B arc two apertures in opposite directions* When 
water from the null^course M Nv& introduced into the tube 
T T, it flows out of the apertures A B, and by the reaction or 
counterpressure of the issuing water the arm A jB, and conse- 
quently the whole machine, is put in motion. The bridge* 
tree a 6 is elevated or depressed by turning the nut c at the end 
of the lever c b. In order to understand how this motion is 
produced, let us suppose both the apertures shut, and the tube 
T T filled with water up to T. The apertures J, B which 
are shut up, will be pressed outwards by a force equal to the 
weight of a column of water whose height is T Tj and whose 
area is the area of the apertures. Every part of the tube A B 
sustains a similar pressure ; but as these pressures are balanced 
by equal and opposite pressures, the arm ABv& at rest By 
opening the aperture at A^ however, the pressure at that place 
is removed, and consequently the arm is carried round by a 
pressure equal to that of a column T Ty acting upon an area 
equal to that of the aperture A. The same thing happens on 
the arm TB; and these two pressures drive the arm AB 
round in the same direction. This machine may evidently be 
applied to drive any kind of machinery, by fixing a wheel upon 
the vertical axis C D. 

In the preceding form of Barker^s mill, the length i^p,,,^^ 
of the axis CD must always exceed the height of menton 
the fall N Dj and therefore when the fall is very 2^ j^J^J/ 
high, the difiiculty of erecting such a machine would thon de la 
be great. In order to remove this difficulty, M. Ma- "^' 
thon de la Cour proposes to introduce the water from the mill- 
course, or reservoir F^ by means of the pipe F G Hy entering 
at 2>, into the horizontal arms A^ jS, which are fixed to an 
upright spindle C 7\ but without any hollow tube T 37. The 
water will obviously issue from the apertures A B^ in the same 
manner as if it had been introduced at the top of a tube T T 
as high as the fall. Hence the spindle C D may be made as 
short as we please. The practical difficulty which attends this 
form of the machine, is to ^ve the arms A B a motion round 
the mouth of the feeding pipe, which enters the arm at Dy 
without any great friction, or any considerable loss of water. 
In a machine of this kind which M. Mathon de la Cour saw at 
Bourg Argental, A B was 93 inches, and its diameter three 
inches ; the diameter of each orifice was 1 ^ inch. The height of 
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the fall F G was 21 feet ; the internal diameter of D was two 
inches, and it was fitted into C by grinding. This maehinemade 
115 turns in a minute when it wa]B unloaded, and emitted wa- 
ter by one hole only. The machine, when empty, weighed 80 
pounds, and it was half supported by the upward pressure of 
the water. This improvement which was published in Roner^9 
Jofwmal de Physique for January and August 1775, appeared* 
about %0 years afterwards as a new invention of Mr. Waring's 
in the Trcmsactions of the American PhUoeopMcal Sociefy ^ 
PhUaddphia^ who was probably not aware o^ the labours of 
M. Mathon de la Cour. 

In the year 1747, Professor Segner of Gottingen published, 
in \i\% ExcerdUxtiones HydravliecB, an. account of a machme 
T^hich differs only in form from Dr. Barker^s milL It consisted 
of a number of tubes arranged as it were in the circumference 
of a truncated cone ; the water was introduced into the upper 
ends of these tubes, and flowing out at the lower ends, produced^ 
in virtue of its reaction, a motion round the axis of the cone. 

Another form of this machine has been suggested by Albert 
!Euler. He proposes to introduce the water from the miljkcourse 
into an annular cavity in a fixed vessel of the shape nearly of a 
cylinder. The bottom of this vessel has several inclined aper- 
tures for the purpose of making the water flow out with a pro- 
per obliquity into the inferior and moveaUe vessel. This in- 
ferior vessel, which has the form of an inverted frustrum of a 
cone, moves about an axis passing up through the centre of the 
fixed vessel, and has a variety of tubes arranged round its cir- 
cumference. These tubes do not readi to the very top of the 
vessel, and are bent into right angles at their lower ends. The 
water from the upper and fixed vessel being delivered into the 
tubes of the lower vessel, descends in the tubes^ and issuing 
from their horizontal extremities, gives motion to the conical 
drum by its reaction. 

History of The excellence of this method of emplo3ring the 
this madune. reaction of water, was first slightly pointed out by 
Dr. Desaguliers, and no further notice seems to have been- 
taken of the invention till the appearance of Segner^s nia>- 
chine in 1747. The attention of Leonhard Euler, John Beiv 
noulli, and Albert Euler, was then directed to the subject^ and 
it would appear, from the results of their investigaticms^ that 
this is the most powerful of all hydraulic machines, and is there- 
fore the best mode of employing water as a moving power. 
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Leo&faanl Euler publi^ed his theory of this machine in the 
Memoir9 of the Berlin Academy, vol. vi, p. 811 ; and' the ap- 
^ication criP the machine to all kinds of work, was explained in 
a subsequelit paper in the seventh volume of the work, for 175S, 
p. 271. John Bernoulli's investigations will be found at the end 
of his Hydraulics. 

Albert Euler concluded, that when the madiine -Effect of 
had the form given to it by Segner, the effect was Barker'i 
equal to the power, and was a maximum when the 
velocity became infinite. Mr. Waring; in the paper which we 
{{ave already quoted, makes the effect of the machine equal 
only to that of a good undershot wheel driven with the same 
quantity of water falling, through the same height. The Abbe 
Bossut has likewise investigated the theory of this machine, and 
has found that an over^ot wheel, and awheel of the form given 
to it by Albert Euler, will produce equal effects with the same 
quantity of water, if the depth of the orifice below the mill* 
course in the latter machine is equal to the vertical height of the 
loaded arch in the overshot wheel ; and he, upon the whole, re- 
commends the overshot wheel as preferable in practice. The 
preceding result, however, proves the inferiority of the overshot 
wheel, as the height of the loaded arch must be always much 
less than that of the fall. A new and ingenious theory of this 
machine has lately been given by Mr. Ewart in the Manchester 
Memoirs. 

Method of keeping off* the Back-water Jrom Water Wheels. 

Mr. Bums of Cartside, in Renfrewshire, seems to have been 
the first who proposed and executed the method of keeping off 
the back-water from wheels in time of floods, by directing 
against it the force of the superabundant current. 

This method is shewn in Pig. 8, where C DE is a current 
of water taken from the mill-lead, and acting against the back- 
water at F, so as to drive it back and keep it from the wheel. 
For this purpose, the water C is kept from the wheel by the 
boarding D BE, a, channel being left at E, through which the 
back-water would rush upon the wheel if it were not driven 
back by the superior force of the current rushing down the 
channel A. Mr. Perkins makes the diameter o( B ^ larger 
than E. The current is made to act in a direction perpen- 
dicuhr to the plane of the wheel, when the wheel had been 
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already built The water which comes from the buckets is 
also carried off through B. This method appears to have been 
adopted in America, and was recently submitted to the public 
by the ingenious Mr. Perkins, who was not aware of what had 
been done in Scotland, and published in the Transactions of 
the Society ofArtSy vol. xxxviii, p. 109. See also the Edin- 
burgh Philosophical Jowmai^ vol. iv, p. 439^ and vol. v, p. 232. 

Sect. III. — On Ihe Force of Windj and the mode of applying 

it to drive Machinery, 

Considering air as a fluid, it is obvious that its force, when 
in motion, may be applied to machinery, in the same way as 
moving water is applied to the float-boards of vertical or hori- 
zontal undershot wheels. As the current of air, however, is 
not limited in magnitude, we must direct it solely upon the 
float-boards on one side of the wheel, by screening the other 
aide from its action. When the axis of a wheel of this kind is 
vertical, and consequently the motion of the vanes or float- 
boards horizontal, the machine is called a horizontal 'amd-milL 
The most common method, however, of applying the force of 
wind, is to direct it against sails moving nearly in a vertical 
plane, as shewn in Plate II, Fig. 13. In this case, the ma« 
chine is called a vertical wind^miU. 

On Vertical Wind-Mills. 

The vertical wind-mill, as improved by Mr. James Verrier, 
is represented in Plate II, Fig. 18, where AAA are the three 
principal posts, 27 feet 7| inches long, 23 inches*broad at their 
lower extremities, 18 inches at their upper ends, and 17 inches 
thick. The column B is 12 feet 2^ inches long, 19 inches in 
diameter at its lower extremity, and 16 inches at its upper end ; 
it is fixed in the centre of the mill, passes through the first floor 
Ef having its upper extremity secured by the bars G G. E E E 
are the girders of the first floor, one of which only is seen, being 
8 feet 3 inches long, 11 inches broad, and 9 thick ; they are 
mortised into the posts AAA and the colunm By and are about 
8 feet 3 inches distant from the ground floor. DDD are three 
posts, 6 feet 4 inches long, 9 inches broad, and 6 inches thick ; 
they are mortised into the ^rders E F of the first and second 
floor, at the distance of 3 feet 4 inches from the posts Ay &c. 
FFF are the girders of the second floor, 6 feet long, 11 inches 
broad, and 9 thick ; they are mortised into the posts A, &c. 
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and rest upon the upper extremities of the posts D, &c. The 
three bars GGG axeS feet 1^ inches long, T inches broad, and 
3 thick ; they are mortised into the posts D and the upper end 
of the column B, 4 feet S inches above the floor. P is one of 
the beams which support the extremities of the bray-trees or 
brayers ; its length is 3 feet 4 inches, its breadth 8 inches, and 
its thickness 6 inches. / is one of the bray-trees, into which 
the extremity of one of the bridge-trees K is mortised. Each 
bray-tree is 4 feet 91 inches long, 91 inches broad, and 7 thick ; 
and each bridge-tree is 4 feet 6 inches long, 9 inches broad, 
and 7 thick, being fiimished with a piece of brass on their 
upper surface to receive the under pivot of the millstones. L L 
are two iron screw-bolts, which raise or depress the extremities 
of the bray-trees. M M M are the three millstones, and NNN 
the iron spindles, or arbors, on which the turning millstones 
are fixed. O is one of three wheels, or trundles, which are 
fixed on the upper ends of the spindles NNN; they are 16 
inches in diameter, and each is furnished with 14 staves, yis 
one of the carriage-rails, on which the upper pivot of the spindle 
turns, and is 4 feet 2 inches long, 7 inches broad, and 4 thick. 
It turns on an iron bolt at one end, and the other end slides in 
a bracket fixed to one of the joists, and forms a mortise, in 
which a wedge is driven to set the rail and trundle in or out of 
work ; t is the horizontal spur-wheel that impels the trundles ; 
it is 5 feet 6 inches diameter, is fixed to the perpendicular shaft 
r, and is furnished with 42 teeth. The perpendicular shaft T 
is 9 feet 1 inch long, and 14 inches in diameter, having an iron 
spindle at each of its extremities ; the under spindle turns in a 
brass block fixed into the higher end of the column B ; and the 
upper spindle moves in a brass plate inserted into the lower 
surface of the carriage-rail C. 

The spur-wheel r is fixed on the upper end of the shaft T, 
and is turned by the crown-wheel v on the windshaft c ; it is 
S feet 2 inches in diameter, and is furnished with 15 cogs. The 
carriage-rail C, which is fixed on the sliding kerb Z, is 17 feet 
2 inches long, 1 foot broad, and 9 inches thick. F FQ is the 
fixed kerb, 17 feet 8 inches diameter, 14 inches broad, and 10 
thick, and is mortised into the posts AAA, and fastened with 
screw-bolts. The sliding kerb Z is of the same diameter and 
breadth as ^he fixed kerb, but its thickness is only 7 J inches; 
it revolves on 12 friction rollers fixed on the upper surface of 

VOL. II. F 
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the kerb YYQ^ and has 4 iron half staples, F, F> &c. fastened 
on its outer edge, whose perpendicular arms are 10 inches long, 
8 inches broad, and 1 inch thick, and embrace the outer edge 
of the fixed kerb to prevent the sliding one from being blown 
off. The capsills, Xy F, are 13 feet 9 inches long, 14 inches 
broad, and 1 foot thick ; they are fixed at each end with strong 
iron screw-bolts, to the sliding kerb, and to the carriage-rail C 
On the right hand of w is seen the extremity of a cross rail, 
which is fixed into the capsills A^ and F, by strong iron bolts ; 
^ is a bracket 5 feet long, 16 inches broad, and 10 inches thick ; 
it is bushed with a strong brass collar, in which the inferipr 
spindle of the windshaft turns, and is fixed to the cross-rail w : 
b is another bracket 7 feet long, 4 feet broad, and 10 inches 
thick ; it is fixed into the fore-ends of the capsills, and, in order 
to embrace the collar of the windshaft, it is divided iiM^o two 
parts, which are fixed together with screw-bolts. The wind^ 
shaft c is 15 feet long, S feet in diameter at the fore^nd, and 
18 inches at the other ; its pivot at the back-end is 6 inches 
diameter, and the shaft is perforated to admit an iron rod to 
pass easily through it. The vertical crown-wheel «; is 6 feet 
in diameter, and is furnished with 54 cogs, which drive tho 
spiu*-wheel r. The bolster d, which is 6 feet 8 inches long, 
18 inches broad, and half a foot thick, is fastened into the 
cross-rail a?, directly under the centre of the windshaft, hav- 
ing a brass pulley fixed at its fore-end. On the upper sur- 
face of this bolster is a groove, in which the sliding bolt R 
moves, having a brass stud at its fore-end. This sliding bolt is 
not distinctly seen in the figure, but the round top of the brass 
stud is visible below the letter h : the iron rod that passes 
through the windshaft bears against this brass stud. The slid- 
ing bolt is 4 feet 9 inches long, 9 inches broad, and ? of a foot 
thick. At its fore-end is fixed a line, which passes ovei: the 
brass pulley in the bolster, and appears at a with a weight at- 
tached to its extremity, sufiicient to make the sails face the 
wind that is strong enough for the number of stones employed ; 
and when the pressure of the wind is more than sufficient, the 
sails turn on an edge, and press back the sliding bolt, which 
prevents them from moving with too great velocity ; and, as 
soon as the wind abates, the sails, by the weight a are pressed 
up to the wind, till its force is sufiicient to give the mill a 
proper degree of velocity. By this apparatus, the wind is re- 
gulated and justly proportioned to the resistance or work to be 
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perfonned ; onainiformity of motion is also obtained, and the 
mill is less liable to be destroyed by the rapidity of its motion. 

That the reader may understand how these effects p^^ jj 
are produced, we have represented, in Fig. 1 4, the iron Fig. 14. 
rod, and the arms which bear against the vanes ; ahis Me&od of 
the iron rod which passes through the windshaft c, in ]^^J^ 
Fig. 13 ; A is the extremity, which moves in the brass mUi' indioA- 
Btud that is fixed upon the sUding bolt ; ai^ ai, &c. ^^ 
are the cross arms, at right angles to a A, whose extremities t, t , 
similarly marked in Fig. 13, bear upon the edges of the vanes. 
The arms a i are 6^ feet long, reckoning from the centre a, 1 
foot broad at the centre, and 5 inches thick; the arms n, n, Sec. 
that carry the vanes or sails, are 18^ feet long, their greatest 
breadth is 1 foot, and their thickness 9 inches, gradually dimi- 
nishing to their extremities, where they are only 3 inches in 
diameter. The four cardinal sails, m, m, m, m, are each 18 
feet long, 8 feet broad at their outer ends, and 3 feet at thdr 
lower extremities ; /?, p, &c. are the four assistant sails, which 
have the same dimensions as the cardinal ones, to which they 
are joined by the line S S SS. The angle of the sails' inclina- 
tion, when first opposed to the wind, is 45 degrees, and regu- 
larly the same from end to end. 

It is evident, from the preceding description of this machine, 
that the windshaft c moves along with the sails ; the vertical 
crown wheel v impels the spur wheel r, fixed upon the axis T^ 
which carries also the spur wheel t This wheel drives the 
three trundles H^ one of which only is seen in the figure, which 
Ixdng fixed upon the spindles A^, &c. communicate motion to 
the turning mill-stones. 

That the wind may act with the greatest efficacy 
upon the sails, the windshaft or principal axis must turning the 
always have the same direction as the wind. But as ^^ *° *® 
this direction is perpetually changing, some appa- 
ratus is necessary for bringing the windshaft and sails into their 
proper position. This is sometimes effected by supporting the 
machinery on a strong vertical axis, whose pivot moves in a 
brass socket firmly fixed into the ground, so that the whole ma- 
clune, by means of a leVer, may be made to revolve upon this 
axis, and be properly adjusted to the direction of the wmd. 
Most wind-mills, however, are furnished with a moveable roof, 
which revolves upon friction rollers inserted in the fixed kerb 
of the mill ; and the adjustment is effected by the assistance of 
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a simple lever. As both these methods of adjusting the wind- 
shaft require the assistance of men, it would be very desirable 
that the same effect could be produced solely by the action of 
the wind. This may be done, by fixing a large wooden vane, 
or weather-cock, at the extremity of a long horizontal arm, 
which lies in the same vertical plane with the windshaft. By 
this means, when the surface of the vane, and its distance from 
the centre of motion are sufficiently great, a very gentle breeze 
will exert a sufficient force upon the vane to turn the machinery, 
and will always bring the seuls and windshaft to their proper 
position. This weathercock, it is evident, may be applied^ 
either to machines which have a moveable roof, or which re- 
volve upon a vertical arbor. 

Wind-mflls Prior to the French revolution, wind-mills were 
numerous in more numerous in Holland and the Netherlands than 
^ * in any other part of the world, and there they seem 
to have been brought to a very high state of perfection. This 
is evident, not only from the experiments of Mr. Smeaton, from 
which it appears, that smls weathered in the Dutch manner 
produced nearly a maximum effect, but also from the observa- 
tions of the celebrated Coulomb. This philosopher examined 
above 50 wind-mills in the neighbourhood of Lisle, and found 
that each of them performed nearly the same quantity of work 
when the wind moved with the velocity of 18 or 20 feet per 
second, though there were some trifling differences in the in- 
clination of their windshafts, and in the disposition of their sails. 
From this fact, Coulomb justly concluded, that the parts of the 
machine must have been so disposed as to produce nearly a maxi- 
mum effect. 

Fonnof In the wind-mills on which Coulomb's experi- 

Dutch wind- ments were nmde, the distance, from the extremity 
ing to Cou- of each sail to the centre of the windshaft, or princi- 
lomb. pal axis, was 33 feet. The sails were rectangular, 

and their width was a little more tlian 6 feet, 5 of which were 
formed with cloth stretched upon a frame, and the remaining 
foot consisted of a very light board. The line of junction of 
the board and the cloth, formed, on the side which faced the 
wind, an angle sensibly concave at the commencement of the 
sail, which diminished gradually till it vanished at its extremity . 
Though the surface of the cloth was curved, it may be regard- 
ed as composed of right lines perpendicular to the arm, or whip, 
which carries the frame, the extremities of these lines corre- 
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spending with the concave angle formed by the junction of the 
cloth and the board. Upon this supposition these right lines 
at the commencement of the sail, which was distant about 6 feet 
from the centre of the wind shaft, formed an angle of 6(y with the 
axis, or windshaft, and the lines, at the extremity of the wing, 
formed an angle, increasing from 78° to 84°, according as the 
inclination of the axis of rotation to the horizon increased from 
8° to 15°; or, in other words, the greatest angle of weather was 
80°, and the least varied from 12° to 6°, as the inclination of the 
windshaft varied from 8° to 15°.^ A pretty distinct idea of the 
surface of wind-mill sails may be conveyed, by conceiving a % 
number of triangles standing perpendicular to the horizon, in 
which the angle contained between the hypothenuse and the 
base is constantly diminislung : the hypothenuse of each triangle 
will then be in the superficies of the vane, and they would form 
that superficies if the'u: number were infinite. 

On thejbrm and position of Wind-mill Sails. 

M. Parent seems to have been the first mathcma- p^^ ^^ 
tician who considered the subject of wind-mill sails position of 
in a scientific manner. The philosophers of his * ® ""^ 
time entertained such erroneous opinions upon this point, as 
to suppose that the surface of the sails should be equally in* 
clined to the direction of the wind and to the plane of their 
motion ; or, what is the same thing, that the angle of weather 
should be 45°.^ But it appears from the investigations of 
Parent, that a maximum effect will be produced when the 
sails are inclined 54f ° to the axis of rotation, or when the 
angle of weather is 35y°. In obtaining this con- . 
elusion, however, M. Parent has assumed data nation assign. 
which are inadmisidble, and has neglected several ^ ^^ Parent 

, ^ erroneous. 

circumstances which must materially affect the re- 
sult of his investigations. . The angle, or inclination, asi^gned 
by Parent, is certainly the most efficacious for giving motion 
to the sails from a state of rest,^ and for preventing them from 

^ The xceatker of the sails is the angle which the surface of the sails fonns witli 
the plane of their motion, and is always equal to the complement of the angle which 
that surface forms with the axis. 

' See Wolfii Opera MathemaUca^ tom. i, p. 680, where this angle is recommended. 

^ This may be demonstrated in the following manner. Let « be the cosine of 
the angle sought ; then, sinoe the sine, cosine, and radius of any arch form a right 
angled triangle, the square of the sine will be equal to the square of the cosine sub- 
tracted from the square of the radius, that is, 1 — x- will be the square of the sine 
when the radius U unity. But the effect of the wind, on an oblique sail, is, in the com- 
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stopping when in motion ; but he has not oonddered that the 
action of the wind upon a sail at rest is di£Perent from its action 
upon a sail in motion: for since the extremities of the sails 
move with greater rapidity than the parts nearer the centre, 
the angle of weather should be greater towards the centre than 
at the extremity, and should. vary with the velocity of each 
part of the sail/ The reason of this is very obvious. It has 
been demonstrated by Bossut,^ and sufSdently established by 
experience, that when any fluid acts upon a plain surface, the 
force of impulsion is always exerted most advantageously when 
the impelled surface is in a state of rest, and that this force 
diminishes as the velocity of the surface increases. Now, let 
us suppose, with Parent, that the most advantageous angle of 
weather for the sails of wind-mills is 35] degrees for that part 
of the sail which is nearest the centre of rotation, and that the 
sail has everywhere this angle of weather ; then, since the ex- 
tremity of the sail moves with the greatest velocity, it will, in 
a manner, withdraw itself from the action of the wind ; or, to 
speak more properly, it will not receive the impulse of the wind 
so advantageously as those parts of the sail which have a less 
velocity. In order, therefore, to make up for this diminution 
of force, we must make the wind act more perpendicularly up- , 
on the sail, by diminishing its obliquity, that is, we must in- 
crease its inclination to the axis or the direction of the wind ; 
or, what is the same thing, we must diminish its angle of 
weather. But, since the velocity of every part of the sail is 
proportional to its distance from the centre of motion, every 
elementary portion of it must have a different angle of weather 
diminishing from the centre to the extremity of the sail. The 
law or rate of diminution, however, is still to be discovered, 
Eulcr's theo- and we are fortunately in possession of a theorem 
rem. of Euler's, afterwards given by Maclaurin, which 

determines this law of variation.^ Let a represent the ve- 
locity of the wind, and c the velodty of any given part of 

pound ratio of the square of the sine of its obliquity, and the breadth of the sail pro- 
jected 9n a plane perpendicular to the direction of the wind. Now, this breadth is 

exactly x, the cosine of the sail's inclination ; therefore x x I — a:>, or a:— or* will 
represent the effect of the wind upon the sail. And, as this is to be a maximum, let 

us take its fluxion, which will be x — 3 x'x = 0. Dividing by x we have 3 a;' s= 1, 

or s=: V ^ 1.7320&0a076 = -5773520, which is the cosine of 64«» 44' 13". 
* See vol. i, p. 67- 
^ Traite fl^ Hydrodynamique^ § 772. 
' See Macbiurin*s Fluxwnt^ art. 910.-914. 
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the sail, then the efi>rt of the wind upon that part of the sail 
wiU be greatest when the tangent of the angle of the wind^s 
incidence^ or of the sail^s inclination to the axis, is to radius as 

Sc 
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In order to apply this theorem, let us suppose ExpiiaioioQ 
that the radius or whip m # of the smI « iS > f , is di- "^ wjf»- 
vided into six equal parts, that the point n is equi* theomi. 
distant from m and s, and is the point of the sail n^ II. 
which has the same velocity as the wind ; then, in ^V- **• 
the preceding theorem, we will have = 0^ when the sail is 
loaded to a maximum ; and therefore the tangent of the angle, 
which the surface of the sail at n makes with the axis, when 

a=lwillbe ^2 a.|-+-|- =3,661 = Tangent of 71' ly, 

which gives 15'' 41' for the angle of weather at the point n. 
Since, at | of the radius ^ = a, and since c is proportional to the 
distance of the corresponding part of the sail from the centre, 

we will have, at J of the radius #f?i, c = -; at f of thera- 
2«. at * c — ^' at 5 c — ^^ 

mity of the radius, c = 2a. By substituting these different 
values of c, instead of c in the theorem, and by making a=: 1, 
the following Table will be obtained, which exhibits the angles 
of inclination and weather which must be ^ven to different 
parts of the sails. 

TcAle shewing the rcUe cU which the Inclination varies. 



dius c = ^ ; at i 



€ = — ; at §, c = ^; and at the extre- 



Parts of the 

radius from the 

centre of 

motion at «. 


Velocity of the 
sail at these 

distances, or 
▼allies of <7. 


Angle formed 
with the axis. 


Angle of wea- 
ther. 






Oeg. 


Min. 


Deg. Min. 


1 
9 


a 
3 


63 


26 


26 34 


8 
5 


2a 

3 

a 


69 


54 


80 6 


|or J 


74 


19 


15 4 




4a 
3 


77 


20 


12 40 


5 


5a 
5 


79 


27 


10 33 


1 


2a 


81 





9 
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Having tlius pointed out an important error in Parentis 
theory, and shewn how to find the law of variation in the angle 
of weather, we have farther to observe, that, in order to simplify 
the calculus, Parent supposed the velocity of the wind to be in- 
finite when compared with the velocity of the sail, and that its 
impulsion upon the sail was in the compound ratio of the square 
of its velocity and the square of the sine of incidence. The first 
of these suppo^tions is evidently inaccurate, and was shewn to 
be so by Daniel Bemouilli, in his Hydrod3mamies. With re- 
gard to the force of impulsion on the sails, the proposition is per- 
fectly true in theory, and has been demonstrated by Pitot,^ and 
other philosophers ; but it decidedly appears, from the expe- 
riments presented to the French Academy, in 1763, by M. le 
Chevalier de Borda, and from those made, in 1776, by M. 
d'^Alembert, the Marquis Condorcet, and the Abbe Bossut,® that 
this proposition does not hold in practice. The first 
impulsion P^rt of the proposition, indeed, that the force of im- 
on mdined pulsion is proportional to the square of the velocity of 
the surface that is impelled, is true in practice ; but, 
when the angles of incidence are small, the latter part of the pro- 
position must be abandoned, as it would afford very false results. 
In cases, however, where the angles of incidence are between 60 
and 90 degrees, we may regard the impulsion as proportional to 
the square of the velocity multiplied by the square of the sme 
of incidence ; but we must remember, that the force thus de- 
termined by the theory will be a little less than that which would 
be found by experiment, and that the difference increases as the 
angle of incidence recedes from 90°. 

Such being the circumstances which Parent has overlooked 
in his investigations, we need not be surprised to find, from the 
experiments of Smeaton, that when the angle which he recom- 
mends was adopted, the sails produced a smaller effect than 
when they were weathered in the common manner, or accord- 
ing to the Dutch construction.^ 

The theory of wind-mills has been treated at great length by 
M. Euler, the most profound and celebrated mathematician of 

7 Mem. de VAcad. Par. 1729, p. 640. 

8 Nouvellea Experiences aur la resistance des Fluidea, par M. M . d'Alembert, 
le Marquis de Condorcet, et TAbbe Bossut, chap, v, § 35. 

9 Bdidor has fallen into the same error as Parent, and observes, that the work- 
men at Paris make the angle of weather I8o, and thereby lose | of the effect ; where- 
as, this is nearly the most efBcacious angle that can be adopted. See Arckitecture 
Hi/druulique, par Belidor, torn. 2, B. iii, pp. 33-41. 
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his time. He has shewn, that the angle assigned 
by Parent is too small for a sail in motion, and that Hcrvationl!*' 
the angle of weather should vary with the velocity «> wind- 
of the different parts of the sails ; but, like Parent, 
he has supposed that the force of impulsion upon surfaces, with 
different obliquities, is proportional to the square of the sines 
of their incUnation. As the angles of incidence, however, are 
sufficiently great, this circumstance will have but a trifling effect 
upon his conclusions. After Euler has shewn, in general, how 
to determine the force of impulsion upon the sails, whatever be 
their figure and disposition, and whatever be the celerity of 
their motion ; he then investigates, by the method de maximia 
et mimmia^ what should be the inclination of the sails to the 
axi^, and the velocity of their extremities, in order to pnv 
duce a maximum effect; and he finds, that this inclination 
and velocity are variable, and are inversely proportional to 
the momentum of friction in the machine. That the reader 
may fully understand this important result, we may remark, 
that, in theory, the greatest effect will be produced when the 
velodty of the sails is infinitely great, and when their sur- 
faces are perpendicular to the wind^s direction ; that is, when 
the angle of weather is nothing. But both these suppositions 
are excluded in pracdce ; for though the sails receive the great- 
est possible impetus from the wind, when they are incUned 90^ 
to the axis, yet this force has not the smallest tendency to put 
them in motion ; and it is not difficult to perceive, that the fric- 
tion of the machine, and the resistance of the air to the thick- 
ness of the sails> must always liihit the velocity of their motion. 
In this case, theory does not accord with practice ; but they 
may be easily reconciled, by making the angle of inclination 89® 
instead of 90, and supposing the sails to perform a finite, but 
a very great number of revolutions in a second, an hundred for 
example ; then the sails, having still a very disadvantageous 
position, will receive but a small impetus from the 'wind, which 
may be called one pound. But this defect in the impelling 
power is made up by the great velocity of the sails ; and since 
the effect is always equal to the product of the weight and the 
velocity, we will have, 1 X 100 = 100 for the effect of the ma- 
chine. Now, let us take friction into the account, and suppose 
it to be so great as to diminish the rapidity of the sails, from 
100 to 50 turns in a second ; then, in order that the machine 
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may produce an effect equal to 100, as formerly, we must 
change the angle of the sail'^s inclination, till it receives from 
the wind an impetus equal to two pounds for S x 50 = 100. If 
the friction be still farther increased, the celerity of the madiine 
will experience a proportional diminution, and the angle of m^ 
clination must undergo such a change, that the force of impul- 
sion received from the wind may make up for the velocity that 
is lost by an increase of friction. From these observations it 
plainly appears, that the celerity of the sails, and their inclina^ 
tion to the axis, depend upon the momentum of friction ; and 
as this is gaierally a constant quantity in machines, and can 
easily be determined experimentally, the position of the sails, 
the velocity of their motion, and the effect of the machine, may- 
be found &om the following Table, which is calculated from the 
formulce of Euler, and adapted to different degrees of friction. 

In this Table, F denotes the force of the wind upon all the 
sfidls ; d is the radius of the sail, or the distance of its extremity 
from the centre of the axis or windshafl ; v is the velocity of 
the wind ; and s the velocity of the sail's extremity, which is 
equal to the numbers contained in the fourth column. 

Table containing the Angle of Inclination and Weather of WindnMiU 
Sails, the Velocity df their Extremities^ and the Effect of the Ma^ 
chine, for any Degree of Friction. 



Momentum 
of fiiction. 



0.235702 Fd 
0.175837 Fd 
0.122871 Fd 
0.079653 Fd 
0.047001 Fd 
0.024370 Fd 
0.010362 Fd 
0.003084 Fd 
0.000386 Fd 
0.000000 Fd 



Angle of 
the sail's 
inclina- 
tion to the 
axis. 



Angle of 
weather. 



45'* 

50 

55 

60 

65 

70 

75 

80 

85 

90 



45<* 

40 

35 

30 

25 

20 

15 

10 

5 





3 



Velocity of 
the sails at 
their extre- 
mities. 



0.000000 V 
0.127686 V 
0.281334 V 
0.469882 V 
0.711154 V 
1.042160 V 
1.550395 V 
2.499421 V 
5.208606 V 
Infinite. 



Effect of the 
machine. 



££^oftfae 
machine differ- 
ently expressed* 



0.000000 Fv 
0.004718 Fv 
0.017968 Fv 
0.037427 Fv 
0.060147 Fv 
0.083159 Fv 
0.103842 Fv 
0.120105 Fv 
0.130454 Fv 
0.134001 Fv 



5 



0.000000 F« 
0.036950 Ft 
0.063869 Fb 
0.079653 Fs 
0.084576 F« 
0.079795 Fa 
0.066978 Ft 
0.048053 Ft 
0.025046 Ft 
0.000000 Ft 



ExplanaUon The preceding table has been applied, by Euler, 
of the table, solely to that species of wind-mills in which the sails 
are sectors of an ellipse, and which intercept the whole cylin- 
der of wind. This construction was recommended also by Parent ; 
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but later and more accurate experiments have erinced, that when 
the whole area is filled up with sail, the wind does not produce 
its greatest effect^ from the want of proper interstices to escape. 
On this account a small nimiber of sails are generally used, and 
these are either rectangular, or a Uttle enlarged at their extre- 
mities. It will be proper, therefore, to shew how the table can 
be applied to this description of sails, for the application is much 
more di£Scult than in the other case. 

It is evident, from the first column of the table, that before 
we can use it, we must find the value of F^ or the force of 
the wind upon all the sails. But as this force depends not 
merely upon the quantity of surface, and the velocity of the 
wind, which are always given, but also upon the angle of their 
inclination, which is unknown, some method of determining it, 
independently of this angle, must be adopted. Euler has 
shewn how to do this, in the case where the whole area is filled 
with elliptical sectcM's ; but there is no direct method of deter- 
mining the value of F in the case of rectangular sails, when the 
angle of inclination is unknown. We must find it therefore by 
approximation ; that is, we must take any probable angle of 
inclination, 70^ for example, and find the value of F suited to 
this angle> and thence the co-efiicient of J^d, in the first co- 
lumn. With this co-efficient enter the table, and take out the 
corresponding angle of inclination, which will be either less or 
greater than 70^. With this new angle of inclination find a 
more accurate value of F^ and consequently a new co-efficient 
of Fd. If this co-efficient does not differ very much from that 
formerly found, it may be regarded as true, and employed for 
taking out of the table a more accurate angle of inclination, 
along with the velocity of the sails, and the effect of the ma- 
chine. We shaQ now illustrate both these methods by an 
example, after having shewn how to determine by experiment 
the momentum of friction, and the velocity of the wind. 

To find the Momentum of Friction. 
In a calm day, when the wind-mill is unloaded, q^ ^^ ^^^ 
or performing no work, bring two opposite sails into mentum of 
a horizontal position ; and, having attached different 
weights to the extremities of their radius, find how many 
pounds are sufficient not only for impressing the smallest mo- 
tion on the sails, but for continuing them in that state ; and 
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the number of pounds multiplied into the length of the radius, 
will be the momentum of friction. When this experiment is 
made, it will always be found that a greater weight is neces> 
sary for moving the sails than for continuing them in motion ; 
and, in order that the quantity of friction may be accurately 
estimated, the wind-mill should be put in motion immediately 
before the experiment is made ; for the friction^ always in- 
creases with the time in which the communicating parts have 
remained in contact. 

To find the Vehdty of the Wind 

To find the Various instruments, denominated Anemometers, 
wind*8 Tclo. or Anemoscopes, have been invented for measuring 
^^' the force and velocity of the wind.^ The velocity of 

the wind has been deduced also from the motion of the clouds, 
and the change effected by the wind upon the motion of sound. 
The second of these methods is manifestly inaccurate, and the 
first takes for granted what is palpably erroneous, that the 
velocity of the wind is the same in the higher regions of the 
atmosphere, as at the surface of the earth. 
Coulomb's ^he most simple method of detiermining the velo. 

method. ^^y ^f thg wind, is that which Coulomb employed 
in his experiments on wind-mUls, and which requires neither 
the aid of instruments nor the trouble of calculation.^ Two 
persons were placed on a small elevation, at the distance of 150 
feet from one another, in the direction of the wind ; and, while 
the one observed, the other measured the time which a small 
and light feather employed in moving through that space. The 
distance between the two persons, divided by the number of 
seconds, gave the velocity of the wind per second. Having 
thus shewn how to find the momentum of friction, and the ve- 
locity of the wind, we shall now explmn the use of the table. 
Explanatbn Supposing the radius of the sails to be 30 feet, 
of the table, ^q velocity of the wind 10 feet per second, and that 
it requires a force of 10 pounds acting at the extremity of 
the radius to overcome the friction of the machine, — it is re- 



^ A full account of these different contrivances, illustrated with numerous draw- 
ings, will be found in the article Anemometer^ in the Edinburgh Encydopcsdioy 
vol* ii, p. 69. 

* Sec Mem, de VAcad, Par- 1781, p. 70. 
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quired to find the angle of weather, the velodty of the sails, and 
the effect of the machine. 

Let d, the radius of the sails, be = 20 feet, then the mo- 
mentum of friction will be 10 X 20 = 200 pounds. Let fi, the 
number of sails, be == IS, while a represents tlie breadth of the 
sails at their extremities, and b the breadth into which they are 
projected, or the breadth which they would occupy if reduced 
into a plane perpendicular to the wind. Then, since the whole 
cylinder of wind is supposed to be intercepted, the effect pro- 
duced upon all the oblique sails will be equal to tlie effect that 
would be produced upon a perpendicular surface, equal to the 
whole area of the polygon into which the oblique triangu- 
lar sails are projected. The value of 5, therefore, may be 
found by plane trigonometry, the length of the sail and the 
angle of the polygon being given, or by the following theorem : 

180 

b=2dx tans. , d being radius, and n the number of sails. 

n 

In the present case, then, we shall have 6 == 2 X 20 X tang. 

15^ or J = 40 X tang. 15% = 10.717968 feet. Now, since 
n 

the area of any triangle is equal to its altitude multiplied by 
half its base, the area of a polygon will be equal to the altitude 
of one of the triangles which compose it, or to the radius of the 
inscribed circle, multiplied by half the number of its sides. 
The area of the polygon, therefore, into which the sails are 
projected, or the quantity of perpendicular surface impelled by 
the wind, will be ^ndby and, consequently, the force of im- 
pulsion Fy upon this surface, will he i ndbvv^ where t? t; is 
the square of the wind's velocity, to which the force of impul- 
sion is always proportional. In the present case, then, the 
force F, which impels the sails, will be 6 X 20 X 10.717968 X 
w; and it vv he the altitude which is due to the velocity 
of the wind, or the height through which a heavy body must 
fall in order to acquire that velocity, the force of impulsion 
JF will be equal to the weight of a mass of air, whose vo~ 
lume is 1286.15616 X t; t; cubic feet, or to If vv cubic feet 
of water ; for water is about 800 times more dense than air ; 
that is to 100 t; t; pounds avoirdupois, 62^ of which are 
equal to a cubic foot of water. But, in order that the machine 
may move, the momentum of friction 200 must be less than 
0.235702 X Fd, or 0.235702x100 vvX 20; for when it is 
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exactly this, the wind cannot move the machine, as appears 
from the first line of the table ; or, what is the same thing, the 
height due to the velocity o£ the wind, viz. v v, must be greater 
than 0.424, or ^ of a foot, which corresponds to a velocity of 
5.222 or 55. Unless, therefore, the celerity of the wind ex- 
ceeds 5$ feet per second, it will not be able to move the ma- 
chine. These things being premised, let us now proceed to 
determine the construction and effect of the machine, upon the 
supposition that the momentum of friction is 200 pounds, and 
the velocity of the wind 10 feet per second. Now, v p, the 
height due to this velocity, is If feet;^ therefore the force of 
impulsion Fis :=: 100 v v pounds, or 100 X |, or = 160 pounds 
avoirdupois ; and F d = 160 X 20 = 3200. But the momen- 
tum of friction, viz. Fd, multiplied into its co-efficient, should be 
equal to 200 pounds ; therefore, the co-ef&cient will be equal to 

^ - J^ = 0.062500, and the momentum of friction will be 
Fd 3200 

0.062500 F d. With this number enter the first column of the 
table, and you will find the angle of inclination corresponding 
to it to be about 63° ; the velocity of the sail's extremity = | v, 
or 6 feet per second ; and the effect of the machine == 0.05 
Fi;=0.05Xl601bxl0 = 81b x 10 feet, or 8 pounds raised 
through 10 feet in a second, which is equal to 1000 pounds 
raised through 288 feet in an hour. But the force of a man^ 
according to Euler, is equal to 1000 pounds raised through 180 
feet in an hour ; therefore, the power of the machine, with a 
wind moving at the rate of 10 feet per second, is not equal to 
the power of two men. 

Let us now suppose that the wind-mill is driven by means of 
four rectangular sails, 18 feet in length and four in breadth^ 
and that the momentum of friction and the radius of the sails 
are the same as before. Then the area of each sail wiU be 
18 X 4, and the whole surface that is acted upon by the wind 
will bel8x4x4 = 288 square feet. But before we can de- 
termine the force which the wind exerts upon this surface, we 
must know its inclination to the wind : let us suppose this to 
be 70°, then the impetus of the wind upon the sails, or JF, will 

' The height answeriiig to any velocity, and the velocity due to any hdg^t, may 
be found by the following theorems, in which v is the velocity, and k the height due 

V^— — —— — 2w 

16.087 X h, hence h = ^. See p. 33. 
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be = 288 X Sin. 70^ x ^ v» ^i^ which case v is the wind^s velo- 
cityy or F =: 254 v v cubic feet of air. If z; v be the height due 
to the wind^s velodty, diyiding this quantity by 800, we will 

have J'= V v cubic feet of water, and multiplpng this by 

62if we will have Fzz 19.8 vv pounds avoirdupois. Now, let 
the velocity of the wind be 30 feet per second, the height v v 
due to this velocity will be 14 feet nearly ; and, consequently, 
F = 19*8 X 14 = 276 pounds avoirdupois. F d will therefore 
be zz BSiO ; and, since the whole momentum of friction is 200, 

the co-efficient of jPd will be = .^^ = 0.036101, and the mo- 

5540 

mentum of friction, expressed as the table requires, will be 
= 0.036101 Fd. Having entered the table witli this number, 
the proper angle of incUnation will be found to be 67i degrees 
"With this angle, instead of 70°, repeat the foregoing calcula- 
tion, and after finding a new co-eificient to F d, enter the table 
ivith it a second time, and you will have the proper angle of 
inclination, di&ring but very little from the former, and like- 
wise the velocity of the sails, and the effect of the machine.^ 

By comparing with the preceding theory the performance of 
the wind-mills examined by Coulomb and Lulofs,* it will be 
found that their power is almost double of that which is de- 
duced from theory. This remarkable difference arises from a 
defect in the common hypothesis, which represents the force of 
impulsion as proportional to the square of the wind^s velocity, 
and the square of the sine of the angle of incidence. When 
the wind impinges upon the sail, the air ||iehind it is rarefied ; 
this rarefaction increases with the velocity of the wind, and 
therefore the impulsion must be much greater than what is de- 
duced from the common hypothesis. Euler supposes it to be 
twice as great ; and, upon this supposition, has treated the sub- 
ject more accurately in a subsequent memoir,^ which, however, 
is too profound to be of any service to the practical mechanic. 

* Those who wish to inquire farther into the theory of wind-mills, will find some 
excellent obsenrations in D*Alembert*8 Traite de VEqyiUbre et du Mouvemewt de* 
Fluides, 1770, p. 396, § 368 ; or in his Opuaculeg, tom. v, p. 148, &c. and 
also by Lambert, in the Mem. de VAcad, Berlin, 177^9 P* 92. 

^ See page 82. 

^ Recherches plus exaciea mr Veffet de* motdina & vent, Mem. de I'Acad. Berlin, 
1766, vol. xii, p. 164. 
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Results of These theoretical deductions, however interesting 
Smeaton's they may be, must yield in point of practical utility 
expenmeots. ^ ^j^^ observations of our countryman Mr. Smeaton. 
From a variety of well-conducted experiments, he found, that 
the common practice of inclining plane sails, from 7^ to 75% to 
the axis, was much more efficacious than the angle assigned by 
Parent, the effect being as 45 to 81. When the sails were 
weathered in the Dutch manner, that is, when their surfaces 
were concave to the wind, and when the angle of inclination 
increased towards their extremities, they produced a greater 
eflfect than when they were weathered either in the common 
way, or according to Maclaurin's theorem.^ But when the sails 
were enlarged at their extremities, as represented at « /3 (Fig. 1), 
so that X fi was one third of the radius m s, and ttmto mfi^ as 
5 to 3, their power was greatest of all, though the surface acted 
upon by the wind remained the same.® If the suls be farther 
enlarged, the effect is not increased in proportion to the surface ; 
and, besides, when the quantity of cloth is great, the machine 
is much exposed to injiuy by sudden squalls of wind. In these 
experiments of Smeaton, the angle of weather varied with the 
distance from the axis ; and he found, from several trials, that 
the most efficacious angles were those contained in the following- 
Table : 



Parts of the radius 

m «, which is divided 

into 6 parts. 


Angle with the 
axu. 


Angle of weather. 


1 • 

2 
3 

4 
5 
6 


72 
71 

72 

74 

77J 

83 


18 
19 

18 middle 
16 

12J 
7 



Supposing the radius ms o£ the sail to be 30 feet, then the 
sail will commence at ^ ms, or five feet from the axis, where 
the angle of inclination will be 72°. At ^ ms, or 10 feet from 
the axis, the angle will be 71% and so on. 

7 See page 67. 

8 In the sails used in Portugal, the broad part is placed at the end of the arm. 
They are much more swollen than those of common wind-mills, and may be set to 
draw, in a manner similar to the stay sails of a ship. 
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On the Effect of Wind^miU Sailt. 

The foUowing masdms, deduced by Mr. Smeaton Effeet of 
from his experiments, contain the best information ^^"°"'* 
whidi we have upon the effect of wind-mill sails, if ootdlng to 
we except a few experiments made by Coulomb. Smwtoo- 

Jiiaaim 1. The velocity of wind-null sails, whether unloaded 
or loaded, so as to produce a maximum effect, is nearly as the 
velocity of the wind, their shape and position being the same. 

MaoAm 2. The load at the maximum is nearly, but some- 
what less than, as the square of the velodty of the wind, the 
aliape and position of the sails being the same. 

MasAm 5. The effects of the same sails at a maximumi am 
nearly, but somewhat less than, as the cubes of the velocity of 
the wind. 

Maaim 4. The load of the same sails, at the maximum, is 
nearly as the squares, and their effect as the cubes of their 
number of turns in a given time. 

Mcupim fi. When sails are loaded, so as to produce a maxi- 
mum at a given vdocity, and the velodty of the wind increases, 
the load continuing the same ; 1^, The increase of effect, when 
the increase of the velocity of the wind is small, will be nearly 
as die squares of those velocities ; S<%, When the velocity of 
the wind is double, the effects will be nearly as 10 to 87^ ; but, 
8i%, When the velocities ccmipared are more than double of 
liiajt wh^i dbe given load produces a maximum, the effects in- 
crease nearly in the simple ratio of the velodty of the wind. 

Maaim €. In sails where the figure and portion arejnmilar, 
and the velocity of the wind the same, the number of turns, in 
a given time, will be reciprocally as the radius or length of the 
sail. 

Maanm 7. The load, at a maximum, which sails of a dmilar 
^ure and position will overcome, at d given distance from the 
centre of motion, will be as the cube of the radius. 

Maaim 6. The effects of sails of similar figure and position 
are as the square of the radius. 

Maxim 9. The velocity of tlie extremities of Dutch sails, as 
well as of the enlarged sails, in all their usual positions when 

VOL. II. G 
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unloaded, or even loaded to a maximum, are considerably 
quicker than the velocity of the wind.' 

On the aisobde Effects qf Vertical WindmiBs in mam^acturing' 

OU of Colza. 

In the wind-mills at Lisle, examined by Coulomb, whidi 
were used for the preparation of oil of Colza, an arbor was 
furnished witli 14 wipers, or radii, for the purpose of raising 
seven stampers. Five of these stampers were made of oak, and 
were idbout 7 inches long, and 28 centimetres square. They 
were i^od with iron, waghing idbout 25 or SO kilogrammes^ 
and served to bruise the seeds, the weight of each being about 
500 kilogrammes. The other two stampers, which had the 
same length, but were only 19 or ^ centimetres square, were 
used to lock and unlock the wedges for extracting the oil by a 
strong compression, and weighed about S50 kilogrammes each* 
Of these two last only one acted at a time ; but the other five 
all acted together. 

Exp. 1. When the velodty of the wind was 2.^7 metres in a 
second, the sails revolved 5^ times in a minute when the mill 
was unloaded, and no stampers raised ; but by putting into ac- 
tion one stamper waghing 510 kilogrammes, and striking two 
blows of 49 centimetres in height, the mill scarcely made three 
turns in a minute. 

Ewp. 2. When the velocity of the wind was 4.06 metres in a 
second, the arbor made from 7 to 8 turns in a minute ; and 
when two of the stampers were put in action, that waghed 510 
kilogrammes, and one of 250 kilogrammes, the mill prepared 1 
ton, or 100 kilogrammes of oil in 24 hours. 

Eap. S. When the velocity of the wind was 6.5 metres in a 
second, the arbor made 13 turns in a minute ; and when five of 
the stampers weighing 500 kilogrammes were put in action, and 
one of 250 kilogrammes, the mill prepared 3^ tons of oil in 24 
hours. With this velocity, the wind blew uniformly, the mill 
carried all the sails without straining the carpentry, and the 

' Mr, Smeaton found, i?hen the radius was 30 feet, that for •every three turns of 
the Dutch sails in ther common position (when the angle of weather at the extre- 
mity is nothing), the wind-mill moves at the rate of two miles an hour ; for every 
five turns in a minute of the Dutch sails, in their hest position, the wind movesybtir 
miles an hour ; and for every aix turns in a minute of the enlarged sails, at their 
best position, the wind moves ^ve miles an hour. 
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velocity appeared to be that which was best suited to the ma- 
chine. 

Ewp, 4. When the wind blew with force at the rate of about 
9.1 metres in a second, it was necessary to take in an area of 
two metres of sail at the extremity of each sail. The arbor made 
from 17 to 18 turns in a minute, and the mill prepared, with 
all its fflx stampers in action, 5 tons of q^ in S4 hours. 

Exp. 5. On an average of several years, each wind-mill pre- 
pares annually 400 tons of oil. Each ton consumes from 14,000 
to 15,000 dynamical units ^^ of the force transmitted by the staia- 
pers. Coidomb supposes, that the blows of the stampers, and 
the action of the wipers and friction, absorb one-sixth of the 
force transmitted to the stampers, which reduces to 13,500 the 
number of dynamical units necessary for preparing 100 kilo- 
grammes of oil. 

The preceding result is confirmed by a very important ex- 
periment made by M. Halle at Lille, on a steam engine of 10 
horse power, which he found to prepare in 24 hours 500 kilo- 
grammes of oil. Now, the power of a horse has been reckoned 
at 5074 dynamical units ; consequently, 10 x 5974 = 59,740, 
which, divided by 5, gives 11,948 for the number of units em- 
ployed in preparing 100 kilogrammes of oil. 

Effect of WMLmiUs in grinding Com. 

When a wind-mill is employed to grind bom, the millstone 
makes five revolutions in the same time that the sails and the 
arbor make one. 

Exp. 1. The miU does not begin to turn till the velocity of 
the wind is about 4 metres per second. 

Ewp. 2. When the velocity of the wind is 5.8 metres per se- 
cond, the sails make from 11 to 12 tiuns in a minute, and the 
mill will grind from 400 to 450 kilogrammes in an hour, or 
about 100,000 kilogrammes in 24 hours. 

Exp. S. When the velocity of the wind is 9.1 metres in a se- 
cond, the mill carries all her sails, makes 22 turns in a minute, 
and grinds 900 kilogrammes of flour in an hour, or 21,600 in 
24 hours. With this velocity, the flour is heated to a consider- 
able degree, and tlie millers change from time to time the kind of 
grain which is ground, in order, as they say, to refresh the mill. 

^^ See page 7 of thif Volume. 
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By comparing the preceding experiments, and considering 
that seven horses, or one man, can grind 167 kilogrammes of 
com in a day, it will be found that the grinding of 100 kilo- 
grammes of com consumes 416, 525, or 5S8 dynamical units. 
The first of these numbers is obviously too small, and M. Ha- 
chette concludes, in general, that the preparation of 100 kilo- 
grammes of com corresponds to a dynamical effect of the fo^r 
of a wind-mill equal to 500 or 6S0 units. 

In examining the ratio between the velocity of llie wind imd 
the number of revolutions of the wihdshaft or arbor, Mr. 
Smeaton obtained the following results for Dutdi sails in l^tekr 
common position, when their, radius was SO feet. 



Nwnberof revolu- 

tioDi of the windihaft 

in a minute* 

3 
5 
6 



Velocity of Ae wind 
per komr. 

S miles. 

4 

5 



between the ^lelodty 
of the wind and the levo- 
lations of the imMxA, 

0:800 
0.8SS 



Tlie fbUowiag results are deduced from the precedtog ex- 
periments of Coulomb. 



Na of 
experi- 
ments. 


No. of turns in 
a munitb 


Vdodty of the 
wind in aaeooDd. 


Vdodty of the 

wind per boor, 

in miles. 


B4ttio(tf 
CoL2&4. 


1 

2 
3 
4 
5 
6 


3 

7to8 
13 

17 to 18 
11 to 12 
22 


3.27 metres 

4.06 

6.5 

9.1 
5.8 

9.1 


6.1 
914 
14.6 
20.4 
18.0 
ftO.4 


1.7 

1.22 

1.05 

1.17 

1.18 

0.9S 



Tlieae results differ widely from those of Smeaton ; but we 
must consider, that the mill was not doing its fiill work except 
in expmments 8, 4, 5, and 6. The mean of the ratios from 
these <eKperuB6Bts will be 1.07, the ratio between the number 
of turns per minilte, and the number of miles per hour. Henoe, 
by multiplying the number of turns per minute by 1.07, We 
shall ha»ve an approximate >measure of lihe velocity of the wind. 

Mr. liuktfs of Leydesa found, that a Dutch wind-mill "efn- 
ployed to drain marshes was capable of raising 1500 cubic feet 
of water four feet high in a minute, wlien the wind moved at 
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the fate of SO feet per second. It had four rectangular sails, 
and the mean angle of weather was 17^. 

In the Dutch wind-miUs of the dimensions formerly stated, 
Coulpmb found, when the velocity of the wind was 20 feet per 
second, that the effect was equivalent to 1000 pounds raised 
through 218 feet in a nunute. The force lost by the actkui of 
the wipers upon the stampers was equal to 1000 pounds raised 
through 16^ feet in a minute, and the friction was equivalent 
to 1000 pounds raised through 18^ feet in a minute. Henoe 
the totai force of the wind was equal to 1000 pounds raised 
through the height of 253 feet in a minute. 

On Horizontal WindUmilU. 

A variety of opnions have been entertained re- UmiMmul 
specting the relative advanU^es of horizontal and wind-inills. 
vertical wind-mills. Mr. Smeaton, with great justice, gives a 
decided preference to the latter ; but, when he asserts that ho- 
rizontal wind-mills have only | or ^^ of the power of vertical 
cmes, he certainly forms too low an estimate of their power. 
lAt. Beatson, on the contrary, who has received a patent tor 
the construction of a new horizontal wind-mill, seems to be pre- 
jttdiced in their favour, and greatly exaggerates th^r comporia. 
tive value. From an impartial investigation, it will probably 
appear, that the truth lies between these two opposite opinions ; 
but before entering on this discussion, we must first conuder 
the nature and form of horizontal wind-mills. 

In Fig. 15 of Plate II, C if is the perpendicular jn ^ n^ 
axis, or windi^aft, which moves upon pivots. Four ^^g* ^^ 
cross bars C A^ CD^ IB, FGy are fixed to this arbor, which 
carry the frames A PIB, DEFG. The sails A I, EG, are 
stretched upon these frames, and are carried round the axis C if, 
by the perpendicular impulse of the wind. Upon the axis CK 
a toothed wheel is fixed, which gives motion to the particular 
machinery that is employed. In the %fu'e cmly two siuls are 
represented ; but there are always other two placed at right 
angles to these. Now, let the sails be exposed to Common me- 
tbe wind, and it will be evident that no motion will ?*^|°J^'^'5' 
ensue ; for the force of the wind, upon the sail A /, tails against 
is counteracted by an equal and opposite force, upon *^« ^^^d- 
the sail EG. In order, then, that the wind may communicate 
motion to the machine, the force upon the returning sail E G 
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must either be removed by screening it from the wind^ or 
diminished by making it present a less surface when return- 
ing against the wind. The first of these methods is adopted 
in Tartary, and in some provinces of Spun ; but is objected to 
by Mr. Beatson, from the inconvenience and expense of the 
machinery and attendance requisite for turning the screens 
into their proper positions. Notwithstanding this objection, 
however, we are disposed to think that this is the best method 
of diminishing the action of the wind upon the returning sails, 
for the moveable screen may easily be made to follow the di- 
rection of the wind, and assume its proper position, by means 
of a large wooden weather-cock, without the aid either of men 
or machinery. It is true, indeed, that the resistance opposed 
to the returning sails is not completely removed ; but it is at 
least as much diminished as it can be by any method hitherto 
proposed. Besides, when this plan is resorted to, there is no oc- 
casion for any moveable flaps and hinges, which must add great- 
ly to the expense of every other method. 
Beataon's '^he mode of bringing the sails back against the 
method, wind, which Mr. Beatson invented, is, perhaps, the 
simplest and best of the kind. He makes each sail Alio 
consist of six or eight flaps, or vanes, A Plby 613c, &c. 
moving upon hinges, represented by the dark lines A Pj 61, 
c 2, Sec. so that the lower side 6 1 of the first flap overlaps the 
hinge, or highest side, of the second flap, and so on. When 
the wind, therefore, acts upon the sail A /, each flap will press 
upon the hinge of the one immediately below it, and the whole 
surface of the sail will be exposed to its action. But when the 
sail A I returns against the wind, the flaps will revolve upon 
their hinges, and present only their edges to the wind, as is re- 
presented at £ 6, so that the resistance occasioned by the 
return of the sail must be greatly diminished, and the motion 
will be continued, by the superiority of force exerted upon the 
sails, in the position A L In computing the force of the wind 
upon the sail A /, and the resistance opposed to it by the edges 
of the flaps in E G, Mr. Beatson finds, that, when the pres- 
sure upon the former is 1872 pounds, the resistance opposed 
by the latter is only about 36 pounds, or ^\ part of the whole 
force ; but he neglects the action of the wind upon the arms 
C A, &C. and the frames which carry the sails, because they 
expose the same surface, in the position -4 /, as in the position 
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« 

E G. This omission, however, has a tendency to mislead us 
in the present case, as we shall now see, for we ought to com- 
pare the whole force exerted upon the arms, as well as the sail, 
with the whole resistance which these arms and the edges of 
the flaps oppose to the motion of the wind-mill. By inspecting 
Fig. 15, it will appear, that if the force, upon the edges of the 
flaps, which Mr. Beatson supposed to be 12 in number, amounts 
to 36 pounds, the force spent upon the bars CD^ DG, GF^ FEy 
&C. cannot be less than 60 pounds. Now, since these bars are 
acted upon with an equal force, when the sails have the posi- 
tion A /, 1872 + 60 = 1932 will be the force exerted upon 
the sail A /, and its appendages, while the opposite force, up. 
on the bars and edges of the flaps, when returning against the 
wind, will be 36 + 60 = 96 pounds, which is nearly ^^ of 
1932, instead of ^^ as computeid by Mr. Beatson. Hence' we 
may see the advantages which will probably arise from using 
a screen for the returning sail, instead of moveable flaps, as it 
will preserve not only the sails, but the arms and the frame 
which support it, from the action of the wind.^^ 

We shall no^ conclude this article with a few re- ComperiMm 
marks on the comparative power of horizontal and ^V^ !"" 
vertical wind-mills. It was already stated, that Mr. ruonulwind. 
Smeaton rather under-rated the former, while he ™'^' 
maintained that they have only j or ^^ the power of the latter. 
He observes, that when the vanes of a horizontal and vertical 
mill are of the same dimensions, the power of the latter is four 
times that of the former ; because, in the first case, only one 
sail is acted upon at once ; while, in the second case, all the 
four receive the impulse of the wind. This, however, is not 
strictly true, since the vertical sails are all oblique to the direc- 
tion of the wind. Let us suppose that the area of each sail is 
100 square feet ; then the power of a horizontal sail will be 100,* 
as only one sail is acted upon, and as its surface is perpendicu* 
lar to the wind, and the power of a vertical sidl may be called 
100 (Sine TO') = 94 nearly (70* being the common angle of 

11 The sails of horizontal wind-mills are sometimes fixed, like float-boards, on the 

drcamference of a large drum or cylinder. These sails move upon hinges, so as to 

stand at right angles to the drum, when they are to receive the impulse of the wind, 

and when they return against it, they fold down upon its dxcumferenee. See ile- 

periory of Arts y vol. vi. 

1 This proceeds upon the supposition that the action upon two sails oblique to the 
wind, is nearly the same as one perpendicular to it. 
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indiiiation) ; but lince there are four vertical sails, the power 
of them all will be 4 x 94 = 376 ; so that the power of the ho. 
rizontal sail is to that of the four vertical ones, as 1. to 8.76, 
and not as 1 to 4 accordingto Mr. Smeaton. But Mr. Smeaton 
also observes, that if we conader the farther disadvantage which 
arises from the difficulty of getting the sails back against the 
wind, we need not wonder if horizontal wind-mills have only 
about I or ^^ the power of the common sort We have already 
seen, that the resistance occadoned by the return of the sails, 
amounts to /^ of the whole force which they receive ; by sub- 
tracting g^jj, therefore, from sTfo ^^ ^^ ^^^ ^^ ^^ pow^r 
of horizontal wind-mills is only about ^ less than that of ver- 
tical ones. This calculation proceeds upon a supposition, 
that the whole force exerted upon vertical sails is employed 
in turning them roimd the axis of motion ; whereas, a con* 
siderable part of this force is lost in pressing the pivot of 
the axis, or windshaft, against its gudgeon. Mr. Smeatcm has 
overlooked this circumstance, otherwise he could never have 
maintained that the power of four vertical sails was quadru]^e 
the power of one horizontal sail, the dimensions of each b^ng 
the same. Taking this circumstance into the account, we cai^ 
not be far wrong in saying, that, in theory at least, if not in 
practice, the power of a horizontal wind-mill is about ^ of the 
power of a vertical one, when the quantity of surface and 
the form of the sails is the same, and when every part of the ho- 
rizontal sails have the same distance from the axis of motion aa 
the corresponding parts of the vertical sails. But if the horizon- 
tal siuls have the portion AI, EG (Fig. ), instead of the posi- 
tion CA dnif CDony their power will be gready increased, though 
the quantity of surface is the same ; because the part C P 3 m, 
being transferred toB ISd, has much more power to turn the 
machinery. We would recommend it also to the mechanic, 
to furnish horizontal wind-mills with sio! or eight mils ; for, as 
it happens in the analogous case of water-mills, the wind bends 
round their extremities, and impnges upon those parts of the sail 
immediately behind, which are not exposed to the direct action 
of the wind. Having these methods, therefore, of increasing 
the power of horizontal sails, we would encourage every attempt 
to improve their construction, as not only laudable in itself, but 
calculated to be of essential utility in a commercial country. 
A new and ingenious method of bringing back the sails of a 
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horizontal unnd-mill against the wind has been invented by Mr. 
George Buchanan of Edinburgh, a full account of which, illus- 
traced by drawings, will be found in the Edinburgh Encycio-^ 
petUa^ vol. xiii, p. 569, art. Mechanics. An account of Mr. 
Oray^s method of regulating the velocity of wind-miUs will be 
found in the same article, p. 589. 

S£CT. IV.*^On the Force qf Sieam^ and the Method qf appfy- 

ing it to drive Machinery. 

The superiority of inanimate power to the exer- jn,portanec 
tions of animals in turning machinery has been uni- of the •toon- 
versally acknowledged. In the former, the power *°*"**" 
generally continues its action without the smallest intermission, 
bttt frequent and long relaxations are necessary for restoring 
the strength and activity of exhausted animals. There are 
many places, however, where a sufficient quantity of water can- 
not be procured, or where it cannot be employed for the want 
of proper declivities ; and there are situations also which are 
highly unfavourable for the erection of wlnd-miUs. But even 
when wirter and wind^mills can be conveniently erected, there 
is such a variation in the impelling power, arising from aock 
dental and unavoidable causes, that sometimes^ in the case of 
water, and often in the case of wind, there is not a sufficient 
force for putting the machinery in motion. In such circum- 
stances, the discoveiy of steam as an impelling power may be 
regarded as a new era in the history of the arts. Wherever 
fire and water can be obt^ned, we can procure a quantity of 
steam capable of overcoming the most formidable resistance, 
and free from those accidental Variations of power which affect 
every inanimate agent that has hitherto been employed as the 
first mover of machines. 

The earliest notice^ of the application of steam occurs in a 
work pubUi^ed by Solomon de Caus, in 1615, and entitled Les 
Rations des Forces mouvantes. The author describes a machine 
confflsting of a ^herical venel placed in the fire, and having two 
apertures, one of which, furnished with a stopcock, receives the 
water, while the other receives a tube, which descends through 

< In the 50th and 7l8t propositions of Hero of Alexandria's SpiritaUa^ two toys 
are described, ivhich move by the reaction of steam issuing from an eolipile moving 
round an axis, like Barte*s milL 
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the water, and nearly touches the bottom. The author ob- 
serves, that when the vessel is sufficiently heated, the water rises 
and issues out of the tube ; and he also remarks, that the aque- 
ous vapour may be condensed into the same weight of water. 

In 1639, the mechanical impulse of steam was employed by 
Giovani Branca as the impelling power of a stamping engine. 
The steam was formed in a vessel resembling the human fi- 
gure, and after issuing out of its mouth, it struck the vanes of 
a wheel, which, by means of some intermediate wheel-work and 
wipers, elevated the stamper of a mill. This contrivance is de- 
scribed in a work entitled Le Machine diverse del Sigmor 
Giovani Branca.^ 

In 1663, the Marquis of Worcester published his Century of 
Inventions^ the 68th of which contains the following descrip- 
tion of his method of raising water by means of steam : — 

" This admirable method which I propose of raising water 
by the force of fire has no bounds if the vessels be strong enough : 
for I have taken a cannon, and having filled it three-fourths full 
of water, and shut up its muzzle and touch-hole, and exposed 
it to the fire for 24 hours, it burst with a great explosion. Hav- 
ing afterwards discovered a method of fortifying vessels inter- 
nally, and combined them in such a way that they filled and 
acted alternately, I have made the water spout in an uninter- 
rupted stream 40 feet high ; and one vessel of rarefied water 
rused 40 of cold water. The person who conducted the opera- 
tion had nothing to do but turn two cocks; so that one. vessel 
of water being consumed, another begins to force, and then to 
fill itself with cold water, and so on in succession.^' 

In a work entitled the " Miner's Friend^'' published in 1696, 
Captain Savary describes several steam-engines which were ac- 
tually constructed, and in which the steam was condensed by 
injection, a contrivance of which he seems to have been the sole 
inventor. Papin, to whom the French have ascribed the in- 
vention of the steam-engine, does not appear to have employed 
steam in raising water till 1698, but the contrivances which he 
used for this purpose, as described in the Acta Eruditorum 
Lipsice and in Leupold's Theatrum Ma^hinarum^ are clunasy 
and impracticable. 

The steam-engine received great improvements from the 



^ See the Jownal dea Mines, torn, xxxiii) 1813, p. 321. 



SECT. IV. DESCRIPTION OF MB. WATTES STEAM-ENGIKE. 91 

hands of Newcomen, Beighton, Blakey,^ and other ingenious 
men ; but it was brought to its present state of perfection by the 
late celebrated Mr. James Watt of Glasgow, one of the most 
accomplished en^eers of the last century. Hitherto the steam- 
engine had been used merely as a hydraulic machine for drain- 
ing mines or for raising water ; but in consequence of Mr. 
Wattes improvements, it has for a series of years been employ- 
ed as the impelling power or first mover of almost every species 
of machinery. 

It would be unsuitable to the nature of a popular work, to 
enter into any detailed account, either of the history of this en* 
gine, or of the various forms which it has received. We shall 
content ourselves, therefore, with describing, as clearly as we 
can, one of the engines which Mr. Watt erected for the Albion 
Mills in 1787. ^ 

In Fig. 1 of Plate III, is represented a section . * 

of one of Mr. Watt's best engines erected at the of Mrlwatt'i 
Albion MiJls : n is the boiler in which the water is steam-engine, 
converted into steam by the heat of tlie furnace pq, ^^ Y^' 
It is sometimes made of copper, but more frequently 
of iron ; its bottom is concave, and the flame is made to circu- 
late round its sides in the flues o o^ and is sometimes conducted 
through the very middle of the water, through a tube o', so 
that as great a surface as possible may be exposed to the action 
of the fire. In some of Mr. Watt's engines, the fire contained 
in an iron vessel was introduced into the very middle of the 
water, and the outer boiler was formed of wood, as being a 
dow conductor of heat. When the furnaces are constructed 
in the most judicious manner, 8 square feet of the boiler's sur- 
face must be acted upon by the fire or the flame, in order 
to convert one cubic foot of water into steam in the space 
[ of an hour, and one bushel of Newcastle coals, or one cwt, of 

i Wednesbury coals, thus applied, y^Sl boil off from 8 to 12 

I cubic feet. When fire is applied to the boiler, the water does 

not evaporate into steam till it has reached the temperature 
'\ of 212° of Farenheit, or the boiling point. This arises from 

[. the superincumbent weight of the asmosphere ; for when the 

\ water is heated in a vessel exhausted of ^, steam is gene- 

I rated even below the temperature of 96% or blood heat. When 

i the water, however, is pressed by air or steam more condensed 



* An aceount of BlakeyV contrirance will be found in Vol. I, p. 312. 
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than the atmosphere^ a temperature greater than ^1^ is neces- 
sary for the production* of steam ; but tlie heat requisite for 
this purpose increases in a less ratio than the pressures to be 
overcome. The steam which is fMroduced in the boUer n ia 
about 1800 times rarer than water, and is conveyed thxougb 
the steam-pipe F into the cylinder Jf where it acts upoa the 
piston Bf and communicates motion to the great beam a a. 
,^ ^ , « But before we proceed to consider the raaoner bv 

Method of , . i ., . ^' • j in- 

mipplying which this motion is conveyed, we shall point ©ut 
the boQer ^^g ygjy ingenious method which Mr. Watt has em- 
ployed for supplying the boiler regularly with water, 
and preserving it at the same height a' If, This is absolutely 
necessary in order that the quantity and elasticity of the steam 
in the boiler may be always the same. The small cistern c'y 
placed above the boiler, is supplied with water &om the hot 
weMPft, by means of the pump F, and the feed-pipe j^'j^. To 
the bottom of this cistern is fitted the jnpe c' df^ which is im- 
mersed in the water a, &, and is bent at its lower extremity in 
order to prevent the entrance of the rising steam. A crooked 
arm c' f*^ attached to the side of the cistern c', supports the 
smi^ lever e' g\ which moves upon/* as a centre. The ex- 
tremity g' of this lever carries, by means of the wire ^ ffy a 
stone or piece of metal 'p\ which hangs just below the surface 
of the water in the boiler, and the other extremity e' is comiect- 
ed by the wire e' d' with a valve at the bottom of the cistern c', 
which covers the top of the pipe c' d'. Now, it is a maxim in 
hydrostatics,^ that when a heavy body is suspended in a fluid, 
the body loses as much of its weight as the quantity of water 
which it displaces. When the water a' 6', therefore, is dimi- 
nished by part of it being converted into steam, the upper 
surface of the body jp' will be above the water, and its weight 
will consequently be increased in proportion to the quantity of 
the body that is out of the water ; or, to speak more precisely, 
the additional weight which the body p' receives by a diminuticHi 
of the water in the boiler, is equal to the weight of a quantity 
of the fluid, whose bulk is the same as the part of the bodyp' 
which is above the water. By this addition to its weight, the 
stone p ' will cause the extremity g' of the lever to descend, 
and by elevating the arm e' J'^ will open the valve at the top 
of the pipe c* d' and thus gradually introduce a quantity of 

5 See Vol. I, p. \\Q. 
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Vf:^er into the boiler, equal to that iriiieh was lost bj eY^KMra- 
tioB. This process is continually going on while the water is 
ootiveilaiig into steam ; and it is evident tliat too much water 
can never be introduced; for as soon as the surface of the 
water coincmles with the upper surface of the body p\ it re- 
covers its former weight, and ihe valve in c' shuts the top of 
the pipe c' d\ In order to know the exact height of the w«ber 
in tibe boiler, 47wo gage-pipes with cocks, shewn at u u\ are em- 
ployed^ one of wliidi, u^ reaches to witUn a little of the height at 
wjueh die n^ter should stand, and tiie odier, t^, reaches a very 
iittle below liiat height. If the water stands at the desuced 
height, one of the cocks u being opened will give out steam, and 
the oljher code v! will emit water, in consequence of the pressure 
of the superincumbent steam on the water a' V ; but if water 
^)k3fiM issue from both cocks, the water will stand too high in 
the boiler, and if steam issues from both, the water will stand too 
low. As there would be great dai^er of the boiWs bursting 
if the steam should become too strong, it is furnished with ike 
safety-valve t?, which is loaded in such a manner, 
thai its wei^t, added to that of the alsnosphere, 
may exceed the pressure of the interior steam when of a suiE- 
cient strength. As soon as the steam becomes so elastic as to 
endanger the boiler, its pressure prepond^ates over the jHressure 
<tf the safety-valve and the atmosphere. The valve, therefore, 
opens, and IJhe steam escapes from the boiler, till its strength is 
sufficiently diminished, and the safety-valve shuts by the predo- 
minance of its pressure over that of the interior steam. By 
epening the safety-valve, the engine may be stopped at pleasure. 
A small rectangular lever, with equal arms, is fixed upon the 
side of the valve, and connected with its top. To one of these 
arans a chain is attached, which passes over a pulley from a hori- 
zontal to a vertical direction, and by puUing which, the safety- 
valve is opened, and the machine stopped. 

From the dome of the boiler proceeds the steam-pipe JF, which 
conveys the steam into the top of the cylinder A, 34 inches in 
diameter, by means of the upper steam nozle valve G, and into 
the bottom of the cylinder by means of the lower steam nozle 
valve K. The branch of the pipe which extends from 6f to JT is 
cut off in Fig. 1, in order to shew the valves. The Construction 
cylinder G is sometimes inclosed in a wooden case, in ^^ cylinder, 
order to prevent it from being cooled by the ambient air ; and 
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sometimes in a metallic case, that it may be surrounded and kept 
warm by a quantity of steam, which is brought from the steam* 
pipe F, through the small pipe ^ by turning a cock. The 
<water is carried off from this case by means of a syphon. It i» 
generally thought, however, that little benefit is obtained by 
encircling the cylinder with steam, as the quantity thus lost is 
almost equal to what is destroyed by the coldness of the cylin- 
der. After the steam, which was admitted above the piston B 
by the valve G, and below it by the valve K^ has performed its 
respective offices of depressing and elevating the piston B, and 
consequently the great beam a a, it escapes by the eductioB- 
valves H and L into the condenser Jlf, immersed in a cistan of 
cold water, where it is converted into water by means of a jet 
playing in the inside of it. The water thus collected in the 
condenser is carried off, along with the air which it contains^ 
into the hot well ty by the air pump P, which is wrought by 
the piston rod from ff, attached to the great beam a a. From 
the hot well ^, this water is conveyed by the hot water pump TV 
and the pipe F, into the cistern, for the purpose of supplying 
the boiler. The water C" which renders air-tight the pump P, 
and supplies the jet of water in the condenser, is furnished by 
the cold water pump {/, which is worked by the great beam. 
The steam and eduction-valves G, H, JT, Z, are opened and 
shut by the spanners near F, whose handles are moved by the 
plugs 1, S, fixed to the piston rod of the air pump. This 
part of the machinery has been called the working ffeer ; and 
is so constructed that the steam and eduction-valves can be 
worked either by the hand or by the piston of the air pump. 
Its mode of operation, which is minutely shewn in Figs. 2 and 
3, will be afterwards more particularly described. The piston 
rod C, which moves the piston jB, and makes a stroke of 8 feet, 
passes through a box or collar of leathers fixed in a strong me- 
tallic plate on the top of the cylinder. The rod is turned per- 
fectly cylindrical, and is finely polished, and greased with beef 
or mutton tallow, in order to prevent any air from passing by 
its sides. 

In the steam-engines of Newcomen and Beighton, where the 
piston was raised merely by a counterweight at one extremity of 
the great beam, the piston rod was connected with its other ex- 
tremity by means of a chain bending round the arch of a circle 
fixed at that extremity; but in Mr. Watt's improved engines with 
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a double stroke, in which the piston receives a strong impulse 
upwards as well as downwards, the chain would slacken, and 
could not communicate motion to the beam. An inflexible rod, 
therefore, must be employed for connecting the piston with the 
beam, or the piston must be suspended by double chains, like 
those of engines for extinguishing fire. In some of Mr. Watf s 
engines, the latter of these methods wa& adopted. He then em- 
ployed a toothed rack working in a toothed sector fixed at the 
end of the beam, but as this was very subject to wear, and even 
when perfect, did not move with die requisite smoothness, he 
was led to invent the mechanism of the Parallel Motion^ which 
will afterwards be described. 

All the engines which were constructed before Modeofcon* 
the time of Mr. Watt were employed merely for verting a reci- 
raising water, and were never used as the first mov- T^iImt^ 
ers of machinery. Mr. R, Fitzgerald, indeed, pub- ™odoii. 
lished in the Transactions of the Royal Society, a method of 
converting the irregular motion of the beam into a continued 
rotatory motion, by means of a crank and a train of wheel work, 
connected with a large and massy fly, which, by accumulat- 
ing the pressure of the machine during the working stroke, 
urged round the machinery during the returning stroke, when 
there was no force pressing it forward. For this new and inge- 
nibus contrivance, Mr. Fitzgerald took a patent, and proposed 
to apply the steam-engine as the moving power of every kind of 
machinery ; but it does not appear that any mills were erected 
under diis patent.^ In order to convert the reciprocating mo- 
tion of the beam into a circular motion, Mr. Watt fixed a 
strong and inflexible rod A, called the connecting rod, to the 
extremity of the great beam. To the lower end of this rod, a 
toothed wheel i is fastened by bolts and straps, so that it can- 
not move round its axis. This wheel is connected with another 
toothed wheel^* of the same size, by means of iron bars, which 
permit the former to revolve round the latter, but prevent 
them from quitting each other. This apparatus is called the 
Sun and Pkmet wheels, from the similarity of their motion to 
that of the two luminaries. On the axis of the wheel J is placed 

^ Mr. Jonathan Hull, in his steam tow-boat, proposed in 1736, converted the re- 
ctprocattng motion of the piston into a rotatory motion, by ropes and wheels. See 
p. 113. 
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the large and heavy fly-wheel m which regulates the desultory 
motion of the beam. When the extremity of the great beam 
rises from its lowest position, it will bring along widi it the wheel 
iy and cause it to revolve upon the circumferraoe of the wheel 
J^ so that the interior part of the former, or the part next the 
cylinder, will act upon the exterior part of the ktter, (x th^ 
part farthest firom the cylinder, and put it lo motion along with 
the fly tn. A&ex the wheel ihasgottothetopofthe whed^, 
the end of the beam will have seached its highest position, and 
the wheel j', along with the fly, wiU have performed one oom«- 
plete revolution. When the wheel i passes from the tofp a£J 
into its former position below it, the ^^tremity of the beam iwiU 
also descend from its hi^best to its lowest position ; so that for 
every ascent or descent of the piston or die great^ beam, the 
planet wheel i will make one turn, while the sun wheel j and 
fly m will perform two complete revolutions. 

Os account of the weight of the fly, and the great cdierftj of 
its motion, there is much fricticm betwe^i its gudgeons wd the 
sockets in which they move. In order to dimiBisb the heat 
whidi is thus generated, it is customary to 4idd to the en^ne a 
small pump, which ccmveys a gentle stream of water to the 
gudgeons of the fly. 

When the steam-engine is onployed to drive machinery, 4$ 
in cotton-spinning, where the imstimGe is very variable, and 
where a determinaite velocity cannot properly be dispensed with, 
QoDictti ^i** Watt has applied what he calls a GaziermOTf or 
pendulum, i^ Comcol Penckdwrn^ which is represented at W, for 
procuring an uniform vdocity. This regulator conasts of two 
heavy bails m\ n\ suspended by two iron rods which cross eaxh. 
other tn a mortise formed in the tsp of the vertical 2sua p' q'. 
These tivso rods, after crossing, are bent outwards in a contrary 
direotion, and two short pieces, 3, 4, are jointed to them, the 
other ends of which are united to a ocular sliding up and down 
cm tile upper part of the axis ^, and is (Hit m motaon by the 
rc^ p r^, which passes over the pulleys //, r', and round the 
axis of the fly. Since the velocity of the fly and sun-wheel in* 
creases and diminishes with the quantity of steam that is admit- 
ted into the cylinder, let us suppose that too much is admitted ; 
then the velocity of the fly will increase, but the velocity of the 
vertical axis|7' q will also increase, and the balls m' n' will recede 
from the axis by the augmentation of their centrifugal force. By 
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&is recess of the balls, the extremity q' of the lever j' JT moving 
upon^' as a centre, is depressed; its other extremity ^risesy 
and by acting on the double ended lever F, which is connected 
ndth an arm fixed on the spindle t of the throttle-valve, closes 
it a little, and dimihishes the supply of steam. When the ve- 
locity of the engine becomes too small, the opposite effect is 
produced. The impelling power being thus diminished or in- 
creased, the velocity of the fly and the axis p' q* decrease or in^ 
crease in proportion, and the balls m' mf resume their former 
position. The throttle-valve is shewn in three difierent views in 
No. 1, 2, 3 of Fig. 4, Plate III, and consists of a circular plate 
of metal A A, with a spindle 5, fixed across its diameter. The 
plate A is accurately fitted to an aperture in' a thick metallic 
ring C C, through the edge of which the spindle is fitted so 
as to be steam-tight. The end of the spindle has a spanner 
fixed upon it, by which it can be turned in either direction, 
and more or less steam admitted in proportion to the degree 
to which it is opened. 

In Mr. Watt's improved engine, the steam and Construction 
eduction nozle- valves are all puppet clacks. Two oftheyalTei. 
of these valves, and the method of opening and ^^^^' 
shutting them, is represented in Fig. 2 and 8 of 
Plate III. 

As the piston approaches the top of the cylinder, the slider 
«, Fig. S, fastened upon the plug-tree Z, raises the handle 
i, which is fixed upon the lower F-shaft, or axis c, carrying 
the detent d, which takes hold of the double-ended catch e ; 
but, in doing this, the upper end of the catch allows the detent 
jf to escape, and a weight hung to the rod g turns the axis h. 
The arm i, and rod J, are moved out of their former rectili- 
neal position at Z, and by a lever k turn the spindle m in the 
upper nozle, which, by means of a toothed sector w, and rack 
0, raises the valve p, and admits steam into the cylinder above 
the piston through the horizontal pipe A. At the same time, 
another arm w, fixed upon the same shaft, by means of the 
rod w^ acts upon a spindle, &c. in the lower nozle, opens the 
exhaustion-valve Z, Fig. 2, and thereby forms a communica- 
tion between the cylinder behw the piston and the condenser. 
The piston now descending, another slider q moves the handle 
r into the position 8 ; this raises the weight g^ while i and h 
are brought back to the position Z, and the valves p and L are 
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shut The detent^ in acting upon the catch at the upper 
end of Cy disengages d from the catch at the lower end ai €9 
Fig« 8, where the parts are distinguished by the same letters ; 
the lower F-shaft turns upon its axis, and two arms attached 
to it (sonilar to those upon the upper F-shaft, which are onntted 
to avoid confufflon) by means of the rod x and tf, open the lower 
steam-valve K, Fig. 1, and the upper exhaustion-valve f. 
The cylinder above the piston beocHnes exhausted, and the 
steam rushing in beneath it causes the piston to reasoend. In 
the jdan. Fig. 8, only one of the F-shafts is shown, and the le- 
vers which open and shut the steam-valve of the upper nozle. 
Mode of ope- Having thus described the different parts of one of 
"*"**• the most improved steam-engines, we shall now fol- 

low Mr. Watt in his descripticMi of its mode of operation. By 
means of the steam-pipe Fy Fig. 1, proceeding from the boiler 
n (7, steam is conveyed to the cross-pipe, or upper steam-nozle 
G, and by the perpendicular steam-pipe /, to the lower steam- 
nozle JT. In the nozle G is a valve, which, whai open, admits 
steam into the cylinder cUfove the piston B, through the horizon- 
tal square pipe at its top ; and in the lower steam-nozle X there 
is another valve, which, when open, admits steam into the cylin- 
der below the piston. In tlie upper exhaustion-nozle H is a 
valve, which, when open, admits steam to pass from the cylinder 
ai&ve the piston into the exhaustion-pipe «/, which conveys it to 
the omdensing-vessel M, where it meets the jet of the injection 
water from the cock iV, and the steam reduced to water ; and^ 
in the lozaer exhaustion-nozle Z, there is also a valve, which^ 
when open, admits steam to pass out of the cylinder behw the 
piston, by the eduction-pipe, into the condenser M. 

The engine being at rest, the cylinder quite cold, and the 
condenser-cistern full of water, when the water in the boiler 
begins to boil, steam will enter by a small pipe into the space 
between the cylinder and the steam or heating-case JE, which 
will expel the air contained in that space, and between the two 
bottoms of the cylinder, at a cock fixed in the outer bottc»B, 
which, when all the air is expelled, and the cylinder th<M:oughly 
warmed, is to be shut, and the water which may be formed in 
these spaces during the working of the engine will issue by the 
inverted syphon e. 

Things being in this situation, to produce a commencement of 
motion^ the first operation is. to open all the four valves, G, JET, 
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JTy L ; (the injection^cock being shut) the steam wiU drive the 
air out ci the steam and exhaustion-pipes / and J^ and out of 
the condenser M, through the htow-^pipe and its valve O (be- 
hind ilf ), and as soon as this is succeeded by a sharp crackling 
noise in the little cistern O (bdiind AT), the valves are to be shut 
until It is thought that the steam which has entered is nearly 
condensed. 

The same c^ration is to be repeated, giving a longer time 
to cool between the times of blowing, until it is found that, upon 
opening the injection-cock, some water will enter, and the baro- 
meter^ to be afterwards described, shall shew some degree of ex- 
haustion, after which, the repetition of blowing will soon empty 
the cylinder of air. 

The piston being then at the top of its stroke, the valves G 
and JL are to be opened, and the fly .wheel m turned by hand 
about one-eighth of a revolution, ormore, in the direction in which 
it is intended to mo\e ; the steam which is then in the cylinder 
will pass by L into the condenser, when, meeting the jet of wa- 
ter from the injection-cock, it will be converted into water, and 
the cylinder thus becoming exhausted, the steam, entering the 
cylinder by the valve 6, will press upon the piston and cause it 
to descend, while, by its action upon the working-beam througli 
the pistoa-rod, &c. it puUs down the cylinder end of the beam, 
and raises up the outer-end and the connecting rod A, which 
causes the planet-wheel i to tend to revolve round the sun«wheel 
j ; but the former of these wheels, being fixed upon the connect- 
ing rod so that it cannot turn upon its own axis, and its teeth 
b^ng engaged in those of the sun- wheel, the latter, and the fly- 
wheel, upon whose axle or shaft it is fixed, are made to revolve 
in the desired direction, and give motion to the mill^work. 

As the piston descends, the plug-tree Z also descends, and a 
clamp or slider 9, fixed upon the side of the plug-tree, presses 
upon the handle 1 of the upper Fshaft or axis, and thereby shuts 
the valves G and Z, and the same operation, by disengaging a 
detent, permits aweight suspended to the arm of the lower F-shaft 
to turn the shaft upon its axis, and thereby to open the valves 
K and //. The moment previous to the opening these valves, 
the piston had reached the lowest part of its stroke, and the 
cylinder above the piston was filled with steam ; but as soon as 
H is opened, that steam rushes by the eduction-pipe J, into the 
condenser, and the cylinder above the piston becomes exhausted. 
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The steam from the boiler entering by / and JT, acts upon the 
lower side of the piston, and forces it to return to the top of the 
cylinder. When the piston is very near the upper termination 
of its stroke, another slider a raises the handle 3, and, in so do- 
ing, disengages the catch which permits the upper F-shaft to 
revolve upon its own axis, and open the valves G and i, and 
the downward stroke recommences as has been described. 

When the piston descends, the buckets i?, T of the air-pump 
P and hot-water pump T also descend. The water which is 
contained in these pumps passes through the valves of their 
buckets, and is drawn up and discharged by them through the 
lander or trough ^, by the next descending stroke of the piston. 
Part of this water is raised up by the pump F, for the supply 
of the boiler, and the rest runs to waste. 

History of Before we proceed to explain the beautiful con- 

the Parallel tiivancc shewn at c dfgy and called the Parallel 

otion. Motion^ it may be proper to notice the steps by 
which it was invented. In single engines, the vertical descent 
of the piston was formerly produced by a chain which lapped 
upon a sector or arched head at the end of the beam ; and in 
double engines, where the end of the beam required to be pushed 
upwards, a toothed rack and sector were employed. The chains 
being in many respects objectionable, and the racks and sectors 
being subject to wear, Mr. Watt set himself to contrive some 
mechanism moving upon centres, which would keep the piston- 
rods vertical both in pushing and pulling. He conceived two 
levers AB, CD (Fig. 6), of equal length, placed in the same 
vertical plane, and moveable on B and C as centres ; and he 
saw that if their ends -4, D were connected with a rod A D, the 
middle point JE would describe nearly a straight and perpendi- 
cular line when the ends -4, D described segments of circles 
F G and / jff, provided the circle F G did not much exceed 40^ 
By attaching, therefore, the piston-rod to the point F^ it would 
be guided in a vertical direction by the above mechanism. If 
the lever C 2>, which Mr. Watt called the regvlating radius^ 
were made only half the length of the lever A B (which repre- 
sents half the length or radius of the working beam), a point JS', 
so taken that AE' \&\ oi A 2>, would then move nearly in a 
vertical direction.^ 

« This first idea of Mr. Watt was afterwards brought forward in France as a new 
ioYtntion. 
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From these ingenious ideas the Parallel Motion was con- 
verted into the form shewn in Plate III, Fig. 1 and 6, where c c 
are the perpendicular links of the parallel motion, d d the paral- 
lel bars, e e the regulating radii,y the small perpendicular links, 
and g the second parallel motion for the air-pump. It is ob- 
vious that the joint x in Fig. 1, and also y, must rise and fall 
vertically, for the same reason that the point JE does in Fig. 6 ; 
for e corresponds with C 2> in Fig. 6 ; 6^ with B A^ andfx w 
with A ED. In order to understand how the point z and the 
piston-rod c are kept in a vertical direction by the bars e and d, 
we must consider that the point za moves in a drcle round B 
as a fixed centre, and the point z round the moveable centre w. 
The beam a a being in its highest position, as in the figure, the 
point z, in its descending motion round Wf would be carried out 
of the perpendicular to the left hand if w were fixed ; but the 
point zv^ in its descending motion round /S, is carried to the 
right hand as much as z would be carried to the left ; and z 
being compelled by the rod d to follow w, is thus kept in a ver- 
tical direction by its equal and opposite tendencies to the right 
jand left. 

Besides these contrivances, Mr. Watt enriched the steam-en- 
gine with the barometer, the steam-gage, and the indicator. 

The barometer is used to indicate the degree of exhaustion 
in his engines. It is made of an iron tube, in the form of an in- 
verted syphon, one leg being about half the length of the other. 
A pipe and cock, communicating with the condenser, are joined 
to the upper end of the long leg, and when a proper quantity 
of mercury was poured into the short leg of the syphon, it 
stood at the same level in both legs. A light float with a slen- 
der stem was then placed in the short leg, and indicated, upon 
a scale divided into halt inches, the number of inches which the 
mercury rose in the long leg, or the exhaustion of the engine. 

The steam-gage, for ascertaining the elasticity of the steam, is 
a short tube of glass, having its lower end immersed in a cistern 
of mercury, placed within an iron box, screwed to the boiler, 
or the steam-pipe, or any other part which communicates free- 
ly with the steam. The rise of the mercury in the tube (which 
is open to the air at the upper end), arising from the pressure 
of the steam on the surface of the mercury, indicates the elastic 
power of the steam over that of the atmosphere. 

The object of the indicator is to ascertain the state of ex- 



102 



UESCaiPTION OF MR. WATT S STSAM-ENGIKE. CH. T. 



hattstioD of die cylinder at the difFerent periods of the stn^e of 
the (MSton. It consaste of a truly bored cyUnder, about 1 indi 
in diameter, and 6 inches long» with a solid piston aocuratelj 
fitted to it, and sliding easily by the aid of some oiL A cock 
and small pipe ane joined to the bottom of this cylinder. The 
pipe having a conical end, may be inserted in a hole drilled in 
the cylinder of the engine, near one of its ends, in order that 
the opening cf the code may make a communication between 
the indicator and the interior of the cylinder. 

^* The cylinder of die indicator,'' says Mr. Watt, " is fastened 
upon a wooden or metal frame, more than twice its own lengda ; 
one end of a sprai steel spring, like that of a spring steelyard, 
is attached to the upper part of the frame, and the other end 
of the spring is attaclied to the upper end of the piston-rod of 
the ittficaior. The taring is made of such a strength, that 
when the 'cylinder of the indicator is perfectly exhausted, die 
prfBssure of the ataioi^bere may force its piston down within an 
inch of its bottom. An index bemg fixed to the top of its pis- 
toB^iod, the point where it stands, when quite exhausted, is 
marked from an observation of a barometer communicating with 
the same exhausted vessel, and die scale divided accordingly.'' 

From this brief description of the steam-engine, the 
Mr. Watt's reader will be enaUed to perceive the iMture, and ap- 
imfkrove- -preciate the valuie of Mr. Watt's improvements. It 
had hitherto l>een die practice to condense the steam 
in the cylinder itself, by the injection of cold water ; but the 
waller which was iigfected ax^quired a considerable degree of heat 
from die <ylittde(r, and bang placed in air highly rarified, part 
of it was oonverted into steam, which resisted the piston, and^ 
diminished the power <s£ the en^ne. When ike steam was next 
admitted, part of it was converted into water by comii^ in am- 
tact with the cylinder, which was of a lower temperature than 
the steam, ifn consequence of the destruction of its heat by the 
injection-water. By condensing the steam, therefore, in the 
cylinder itself^ *he resistance to the piston was increased by a 
partial reproduction of this elastic vapour, and the impelling 
power was diminished by a partial destruction of the stoam 
which was next admitted. Both these inconveniencies Mr. 
Watt has in a great measure avoided, by using a condenser se- 
parate from the cylinder, and endrcled with cold water ;^ and 
^ Etcq in Mr. Watt's best engines, a very small quantity of steam remains in 
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by sumMmding the cylinder with a wooden case, and interpos- 
ing i%fat wood ashes, in order to prevent its heat from being 
abstracted by the ambient air ; or by means of an iron steam 
case filled with steam, and surrounding the cylinder. 

The greatest of Mr. Watt's improvements consists in his em- 
{^oying the steam both to elevate and depress the piston. In 
the engines of Newcomen and Beighton, the steam was not the 
impellbig power; it was used merely for producing a vacuum 
below the piston, which was forced down by the pressure of the 
atmoj^hene, and elevated by the counterweight at the other ex- 
tremity of the great beam. The cylinder, therefore, was ex- 
posed to the external air at every descent of the piston, and a 
considerable portion of its heat being thus abstracted, a corre- 
sponding quantity of steam was of consequence destroyed. In 
Mr. Watt's engines, however, the external air is excluded by a 
metal plate at the top of the cylinder, which has a hole in it for 
admitting the piston-rod ; and the piston itself is raised and de- 
pressed merely by the force of steam. 

When these improvements are adopJ;ed, and the engine con- 
structed in the most perfect manner, there is not above \ part 
of the steam consiuned in heating the apparatus ; and, there- 
fore, it is impossible that tlie engine can be rendered i more 
powerful than it is at present. It would be very de^able, 
however, that the force of the piston could be properly com- 
municated to the machinery without the intervention of the great 
beam. This, indeed, has been attempted by Mr. Watt, who 
has employed the piston-rod itself to drive the machinery ; and 
Mr. Cartwright has, in his engine, converted the perpendicular 
^motion of the piston into a rotatory motion, by means of two 
crsoiks fixed to the axis of two equal wheels which work in each 
other. Notwithstanding the simplicity of these methods, none 
of them have come into general use, and Mr. Watt still prefers 
the intervention of the great beam, which is generally made of 
hard oak, with its heart taken out, in order to prevent it from 
warping. A considerable quantity of power, however, is wasted 
by dragging, at every stroke of the piston, such a mass of mat- 
ter from a state of rest to a state of motion, and then from a 



the eylinder, having the temperetuie of the hot well A, or of the water, into which 
the ejected steam is o^nrerted. Its pressure is indicated by the barometer already 
described. 
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state of motion to a state of rest To prevent this loss of power, 
a li^t frame of carpentry* has been employed by several en- 
^neers, instead of the solid beam ; but after being used for 
some time, the wood was generally cut by the iron bolts, and 
the frame itself was often instantaneously destroyed. In some 
of the en^es lately constructed Mr. Watt, he has formed the 
great be^ of cast iron, and while he has thus added to its 
durability, he has at the same time diminished its weight, and 
increased the power of his engine. 

Encouraged by Mr. Wattes success, several improvements 
upon the steam-engine have been made by other engineers of this 
country. But it does not appear that they have either materially 
increased the power of the engine, or diminished its expense. 

Account of Mr. Woolpa Steam-Engines, 

WodTs In the year 1804, Mr. Arthur Woolf announced 

donUe cy- ^o the public a discovery respecting the expansibi- 
non au^" lity of Steam, which promises to be of very essential 
8">*"" utility. Mr. Watt had formerly Ascertained^ that 

steam, which acts with the expansive force of 4 pounds per 
square inch, against a safety valve exposed to the weight of 
the atmosphere, after expanding itself to four times the volume 
it thus occupies, is still equal to the pressure of the atmosphere. 
But Mr. Woolf has gone much farther, and has proved, that 
quantities of steam, having the force of 5, 6, 7, 8, 9, 10, &c. 
pounds on every square inch, may be allowed to expand 5, 6, 
7, 8, 9, 10, &c. times its volume, and will still be equal to the 
atmosphere^s weight, provided that the cylinder in which the 
expansion takes place has the same temperature as the stean^ 
before it began to expand. It is evident, however, that an in- 
crease of temperature is necessary both to produce and to 
midntain this augmentation of the steani''s expansive force 
above the pressure of the atmosphere. At 212° of Fahren- 
hdt, the force of steam is equal only to the pressure of the 
atmosphere, and, in order to give it an additional elastic force 
of 5 pounds per square inch, the temperature must be increased 
to about 227|°, as is evident from the following Table. 

* The great beam in Mr. Homblower's engine, is constructed in this manner 
and is formed upon truly scientific piinciplea. Dr. Robison observes, that it is 
stronger than a beam of the common form, which contains twenty times its quantity 
of timber. 
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TcAk of the Pressures^ Temperatures^ and Expansibility of 
Steam, equal to the Force of the Atmosphere^ 



£lastic Force of Steam 
pTedominating over the 
Pressuie of the Atmo- 
sphere, and acting upon 
a Safety Valve. 



Degrees of Temperature 
requisite for bringing the 
Steam to the different 
Expansive Forces in the 
preceding Column. 



No. of times its Volume 
that Steam of the preced- 
ing Force and Tempera- 
ture will expand, and still 
continue equal to the pres- 
sure of the Atmosphere. 



Founds per Square Inch. Degrees of Heat. 



Expansibility. 



5 


2274 


5 


6 


230i 


6 


7 


282f 


7 


8 


S85i 


8 


9 


237i 


9 


10 


239i 


10 


15 


250i 


16 


SO 


2Bn 


20 


25 


267 


25 


30 


273 


30 


35 


278 


35 


40 


282 


40 



In this manner, by small additions of temperature, an ex- 
panave power may be giyen to steam, which will enable it to 
expand 50, 100, 200, 300, &c. times its volume, and still have 
the same force as the atmosphere. 

Upon this principle Mr. Woolf has taken out a patent fod* 
various improvements on the steam-engine, a short account of 
^lich we shall subjoin in the words of the specification, add- 
ing the letters of reference to a sketch of the valves and cy- 
linders of the engines actually erected by Mr. Woolf at the 
Wheal Vor and Wheal Abraham Mines in Cornwall, for pump- 
ing water. See Plate IV, Fig. 1. 

** If the engine be constructed originally with the inten- 
tion of adopting the preceding improvement, it ought to have 
two steam vessels A, 5, of different dimensions, according 
to the expansive force to be communicated to the beam ; 
for the smaller steam cylinder B must be a measure for the 
larger. For example, if steam of 40 pounds the square inch 
is fixed on, then the smaller steam-vessel should be at least 
j"^ part the contents of the larger one. Each steam vessel 
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should be ftimished with a jnston P, p, and the smaller cy- 
linder should have a communication both at its top and bot- 
tom, with the boiler which supplies the steam, which com- 
munications, by means of cocks or valves, are to be alter- 
nately opened and shut during the working of the engine. 
The top of the small cylinder should have a communication at 
G with the bottom of the larger cyhnder, and the bottom of 
the smaUer one with the top <^ the larger at H^ with proper 
means to open and shut these alternately by cocks, valves, or 
any other contrivance. And both the top and bottom of the 
larger cylinder should, while the engine is at work, communi- 
cate alternately by a valve /, with a condensing vessel, into 
which a jet of water is admitted to hasten the condensation. 
Things b^ng thus arranged, when the engine is at work, steam 
of high temperature is admitted from the boiler to act by if 8 
elastic force on one side of the smaller jnston, while the steam 
which had last moved it has a communication with the larger 
cylinder, where it follows the larger piston now moving towards 
that end of its cylinder which is open to the condens'mg vessel. 
Let both pistons end their stroke at one time, and let us now 
suppose them both at the top of their respective cylinders ready 
to descend ; then the steam of 40 pounds the square inch, en- 
tering above the smaller piston A, will carry it downwards, 
while the steam below it, instead of being allowed to escape 
into the atmosphere, or aj^lied to any other purposes, will pass 
into the larger cylinder by the valve G, above its pston, which 
will take its downward stroke at the same time that the piston 
of the smaller cylinder is doing the same thing ; and while 
this goes on, the steam which last filled the larger cylinder, in 
the upward stroke of the engine, will be passing into the con- 
d^iser, there to be condensed in the downward stroke. When 
the pistons P, jc?, in the smaller and larger cylinder have thus 
been made to descend to the bottom of their cylinders, then 
the steam from the boiler is to be shut off. from the top, and 
admitted to the bottom of the smaller cylinder, and the com- 
munication £r, between the bottom of the smaller and the top 
of the larger cylinder is also to be cut off, and the communi- 
cation i7 to be opened between the top of the smaller and 
the bottom of the larger cylinder ; the steam which, in the 
downward stroke of the engine, filled the larger cylinder, being 
now open to the condenser, and the communication between 
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the bottom of the larger cylinder and the condenser cut off; 
and so on akemately, inlmitting the steam to the different sides 
of 4ike smaller piston, while the steam last admitted into the 
sKAlIer cylinder passes alt^naitely to the different sides of the 
larger cylinder, the top and bottom of which are made to com- 
munioate alternately with the condenser. 

'^ la an engine where these improvements are adopted, tl«at 
waste of steam which arises in other engines, from steam passing 
the pisrtjoaa, is totally |M-evented, for the steam which passes the 
piston in the smaller cylinder is received into the larger.^ 

In the sketches ^ven in Fig. 1 of Plate IV, tlie stteam is 
admitted from the boiler into the steam-case of A, by a com- 
munication at C and this steam-case communicates with that 
of the small cylinder. The water produced b|| condensation 
in the sieam-case^ before the engine is properly heated, is car- 
ried to tbe boiler through D. The pipe which supplies the 
engine from the steam-case ss shewn at £, and F is the valve- 
box of die small cylinder. 

Mr. Woolf has also shewn how the preceding arrai^ment 
may be altered, and has pointed out various otiier modifications 
of his invention, and the method of aj^ying his improvements 
to steam-engines which are already constructed. 

The bcoiier used by Mr. Woolf for producing steam of high 
elasticity counts of 8 or more cyiindrical tubes of cast iron^ 
filled with water, and exposed in a horizontal position to the 
iame. Two safety-valves are always added to the boiler. 

Mr. Wooif ixxk out new patents for his improvements in 
1805 and 1810, and has added to his engine various contri* 
vanoes of great ingenuity and utility. It would be inconsistent, 
however, both with tJie plan and limits of a popular work, to 
enter into more minuite details respecting these inventions. 

High Pressure SieamJlngines. 
High pressure engines are those in which the steam is raised 
to a very high degree of elasticity, so as to exert a pressure 
upon every square inch of 3, 4, 5, 6, 7, 8, 9, <» even 10 times 
greater than that which is exerted in the low pressure engines, 
such as those made by Mr. Watt. In Mr. Watt's engines, the 
pressure on every square indi of the piston is from 9 to IS lbs. 
on every square inch. In one of Mr. Woolf 's at Wheal Vor, 
it is 14 lbs. and in another S4 lbs. on every square inch of the 
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great piston ; but in one of the high pressure engines erected in 
Wales in 1804, it is so high as 65 lbs. on every square inch. 

In his patent for 1769, Mr. Watt proposed a high pressure 
engine, but he does not appear to have carried it into execution. 
They were first actually introduced by Messrs. Trevethick and 
Vivian in 1802, chiefly in reference to their application to drive 
carriages on rail-roads. In order to convey to the readar some 
idea of these en^nes, we have ^ven a representation of one in 
Fig. S of Plate IV, where J J is a large horizontal and cylin- 
drical boiler of cast iron, D a cylindrical tube of wrought iron, 
which is double, returning back at B^ and communicating with 
the flue T. The fire-grate occupies the upper half of the 
double tube, and the ash-pit the lower half; Z is a cioor for 
removing thelfeoot The safety-valve n is kept down by a lever 
jp Vf with a weight p. The cyUnder shewn at A' is nearly in- 
closed within the boiler. The piston-rod J7, carrying the pis- 
ton Gy is fastened to the middle of a cross-bar /, placed at right 
angles to the length of the boiler. At the ends of the cross bar 
are two connecting-rodfe L, the lower ends of which drive two 
cranks on the axis of the fly-wheel M. The four passage cocks 
for admitting the steam to the cylinder is shewn at ifg k. 
The passage g rises directly from the boiler, and brings steam 
to the cock so as to be carried either to the top or bottom of the 
cylinder, according to the position of the cock. The second 
passagejT carries the steam above the piston. The third pas- 
sage Je conveys steam below the piston, and the fourth passage i 
allows the steam to escape into the flue 7, along the waste-pipe 
IF. 

Whep the steam enters by jT above the piston, it is forced 
down, and the steam below it escapes by i to the waste-pipe. 
When the piston reaches the bottom of the cylinder, the cock 
is turned one-fourth round by means of pins on a rod joined to 
the cross bar. The steam thus enters below the piston, and 
raises it, while that above the piston is drawn ofl^ by the waste- 
pipe IF. The cold water is conveyed to the boiler along 
a pipe r, surrounding the heated waste-pipe / Fy and it re- 
ceives a considerable quantity of heat, which would otherwise 
be lost. 

The high pressure engines now described, though extremely 
simple in their construction, and very convenient in particular 
cases, are attended with such danger that they should never be 
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used but for urgent reasons, and the strength of the bcnler 
I should always be subjected to an experimental examination be- 
I fore it is actually used.^ 

! On the Power of Steam-Engines^ cmd the Method of Com- 

\ puting it, 

j From the account which has been given of the p^^er of 

steam-engine, and the mode of its operation, it must ateam-cii- 
be evident that its power depends upon the breadth ^^ 
and heighth of the cylinder, or, in other words, on the area of 
the piston and the length of its stroke. If we suppose that no 
force is lost in overcoming the inertia of the great beam, and 
that the lever by which the power acts is equal to the lever of 
resistance ; then, if steam of a certain elastic force is admitted 
above the piston B (Plate III, Fig. 1), so as to press it down- 
wards with a force of a little more than 100 pounds, it wiU be 
able to raise a weight of 100 pounds hanging at the end of the 
great beam. When the piston has descended to the bottom of 
tfie cylinder, through the space of 4 feet, the weight will have 
risen through the same space ; and 100 pounds raised through 
the height of 4 feet, during one descent of the piston, will ex- 
press the mechanical power of the engine. But if the area of 
the piston B, and the length of the cyUnder are doubled, while 
the expansive force of the steam, and the time of the piston^s 
descent remain the same, the mechanical energy of the en^e 
will be quadruple, and will be represented by 200 pounds 
raised through the space of 8 feet during the time of the pis- 
ton's descent. The power of steam-engines, therefore, is, cceteris 
parilms^ in the compound ratio of the area of the piston, and 
the length of the stroke. These observations being premised, 
it will be easy to compute the power of steam-engines of any 
size. 

Thus, let it be required to determine the power Method of 
of steam-engines, whose cylinder is 24 inches diame- co™pa*«>g »*• 
ter, and which make 22 double strokes in a minute, each stroke 
being 5 feet long, and the force of the steam being equal to a 
pressure of 12 pounds avoirdupois upon every square inch.^ 

^ A very interesting account of the explosion of one of these steam-boilers will be 
found in the Edinburgh Philosophical Journal^ vol. v, p* 147. 
^ The working pressure is generally reckoned at 10 pounds on eve)7 circular inch, 
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The diametar of tbe piston beiog multiplied by its circumfer- 
ence^ and divided by 4, will give its area in square indbes ; 

,, 24X3.1416X24? ,^q a *i, i. r • i. 

thus, = 452.4, the number of square uiches 

exposed to the pressure of the steam. Now if we multiply this 
area by 12 pounds, the pressiu-e upon every square inch, we 
shall have 452.4 X 12 = 5428,8 pounds, the whole pressure 
upon the piston, or the weight which the engine is capable o£ 
raising. But since the engine performs 22 double strokes, 5 feet 
long, in a minute, the piston must move through 22 X 5 X ^ 
= 220 feet in the same time ; and therefore the power of the 
engine will be represented by 5428.8 pounds avoirdupois, raised 
through 220 feet in a minute, or by 10.4 hogsheads of water^ 
ale measure, r^sed through the same height in the same time. 
Now this is equivalent to 5428.8 X 220 = 1,194,386 pounds, or 
1C.4 X 220 = 2288 hogsheads raised through the height of 1 
foot in a minute. This is the most unequivocal expression of 
the mechanical power of any machine whatever, that can possi- 
bly be obtidned. But as steam-engines were substituted in the 
room of miU-horses, it has been customary to calculate tbe'u- 
mechamcal energy in horse powers^ or to find the number of 
horses which could perform the same work. This indeed is a 
very vague expression of power, on account of the different de* 
grees of strength which different horses possess. But still, when 
we are told that a steam engine is equal to 16 horses, we have 
a more distinct conception of its power, than when we are in- 
formed that it is capable of raising a number of pounds through 
a certain space in a certain time. 

Hone Messrs. Watt and Boulton suppose a horse capable 
powers, ^f raising 33,000 pounds avoirdupois 1 foot hi^ in 
a minute, while Dr. Desaguliers makes it 27,500 pounds, and 
Mr. Smeaton only 22,916. If we divide, therefore, the num- 
ber of pounds which any engine can raise 1 foot high in a mi- 
nute, by these three numbers, each quotient will represent the 
number of horses to which the engine is equivalent* Thus, in 
the present example —jj^* = 36j horses according to Watt 
and Boulton ; — iif— = 43 J horses, accordiiig to Desaguliers ; 
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and ^^'*-v 

a 2 » X 6 . 



52 j horses, according to Smeaton. In this cal- 



jind Smeaton makes it only 7 pounds on every circular inch. The effective pressure 
which we have adopted is between these extremes, being equivalent to 9.42 pounds 
on every circular inch. 
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culatioD, it is supposed that the engine works only aght hours 
a^j; so that if it wrought during the whole 24 hours, it 
would be equivalent to thrice the number of horses found by 
the preceding rule. We cannot help observing, and it is widi 
sincere pleasure that we pay that tribute of respect to the ho- 
nour and integrity of Messrs. Watt and Boulton which has 
everywhere been paid to their talents and genius, — that in es- 
timatii^ the power of a horse, they have assigned a value the 
most unfavourable to their own interests. While Mr. Smeaton 
and Ihr. Desaguliers would have made the engine in the pre- 
ceding example equivalent to 52 or 43 horses, the patentees 
themselves state that it will perform the work only of 36. 
Before concluding this article, we shall state the _ , 
performance of some of these engines, as determined ©f Watt's 
by experiment, and in Mr. WatCs own words : — ■t»m.eii- 
** The burning of one bushel of good Newcastle or 
Swansea* coals in Mr. Watty's reciprocating engines, working 
more or less expansively, was found, by the accoimts kept at 
the Cornish mines, to raise from 24 to 32 millions of pounds of 
water one foot high ; the greater or less effect depending wpon 
the state of the engine, its size, and rate of working, and upon 
the quality of the coal. 

*' In engines upon the rotative double construction, one hav- 
ing a cylinder rf 31^ inches diameter, and making 17^ strokes 
rf 7 feet long per minute, called 40 horses^ power, meaning the 
constant exertion of 40 horses (for which purpose, supposing 
the working ta go on night and day, 3 relays, or at least 120 
horses, must be kept), consumed about 4 bushels of good New- 
castle coal per hour, or' 400 weight of good Wednesbury coal. 
A rotative double engine, with a cylinder of 23f inches in dia- 
met^ making 21^ strokes of 5 feet long per minute, was called 
20 horses' power ; and an engine, with a cylinder of 17^ inches 
diameter, making ^5 strokes of 4 feet long per minute, was 
called 10 horses' power ; and the consumption of coals by these 
was neariy proportional to that of the 40 horses' power. 

" A bushel of Newcastle coals, which thus a|^ars to be the 
consumption of a 10-h(M:se engine for one hour, grinds and 
dresses about 10 bushels, Winchester measure, of wheat.'' 

In order to determine the power of different steam-engines 
used in Cwnwall, several of the proprietors of the tin and 
cc^per mines appointed Messrs. Thomas and J. Lean to keep 
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regular accounts of the performance of their engines. These 
reports have been published in the Philosophical Magazine. 

The following are the results of the reports on three of Messrs. 
Boulton and Watt's engines, two of Mr. WoolPs, and one high 
pressure engine. 





Messrs. Boalton and Watt*s. 


Mr. WoolTs. 


High 
Pressure 

Engine. 


1. 


2. 


3. 


1. 


2. 


Diameter of cylinder,. 

Length of stroke 

Pressure on sq. inch, .. 

MiUions of lbs. of^ 
water raised 1 inch, 
on an average of 4 
months, 


63 

7| feet 
9.4 lbs. 

29| 


63 

84 feet 
9 lbs. 

271 . 


70 
8^ feet 
9.9 lbs. 

26| 


53 
9 feet. 
14.1 lbs. 

46i 


45 

7 feet 
24 lbs. 

52 

• 


8 

4|feeft. 
m lbs. 

I7i 

1 



We have given the preceding results more as historical state- 
ments than as scientific facts, as we are entirely unacquainted 
wilh the condition of the engines whose performance was sub- 
jected to examination. 

On the Application of Steam to the propelling of BoatSy 6^c. 

The great advantages which navigation has derived from the 
application of the steam-engine to boats and ships, have ren- 
dered the introduction of steam-boats an era in the history of 
the useful arts. 

Many candidates have accordingly arisen to claim the honour 
of this invention, and no small portion of national feeling has 
been roused in favour of the different competitors. 

We are not acquainted with any disputed question in the 
arts or sciences where it is so difficult to come to a decision. 
Admitting even all the allegations of the contending parties, it 
is not easy to discover any general principle upon which a de- 
cision can be founded, or by means of which we may allot to 
each claimant his due share of approbation. 

It is quite obvious that neither the inventors or improvers of 
the steam-engine, nor those intelligent individuals who hazarded 
their capital in the construction of steam-vessels, can have any 
share of the honour which we axe attempting to award. Their 
merit waa of a distinct kind. The noblest laurels which fame 
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can confer have rewarded the former, and the results of suc- 
cessful speculation have demonstrated the sagacity and remu- 
nerated the enterprise of the latter. 

Jo some works which were published several centuries ago, 
we have seen drawings of vessels with paddle-wheels, which 
were driven by the application of the strength of men. The 
merit, therefore, of propelling vessels by means of mechanical 
power aj^lied to two paddle-wheels cannot be claimed by any 
modem inventor. The substitution of the power of horses, or of 
steam, or of heated air, in place of the strength of men, ap- 
pears to us no invention at all, for if it were, we should have 
numerous rivals contending for the honour of applying the 
steam-engine to the thrashing-machine. When Mr. Jonathan 
Hulls, therefore, in the year 1736, took out a patent for the 
application of one of Newcomen^s steam-engines to a vessel for 
towing ships in and out of harbour, he merely proposed to sub- 
stitute the power of steam in place of the power of men. His 
proposal was characterised neither by sagacity nor inventive 
genius, and the intermediate mechanism by which the redpro- 
eating motion of the piston was converted into the rotatory mo« 
tjLon of the paddle-wheel or Jans as he calls them, was clumsy 
and imperfect. The paddles were fixed to radii without any 
connecting rim; they were placed a considerable way behind 
the two boats, upon two projecting arms, and were driven by 
means^of ropes. The steam tow-boat of Mr. Hulls, in short, we 
consider as impracticable. It appears even never to have been 
put to the test of experiment, and certainly never excited the 
notice of that class of persons who were either likely to improve 
upon the suggestion, or derive conimercial advantage from it.* 

The late Patrick Miller, Esq. of Dalswinton, a gentleman 
of acknowledged ingenuity and talents, bad long directed his 

* «< Up inland rivers,** sajs Mr. HuSs, *« where the bottom can poesibly be 
reached, the fans may be taken out, and cranks phuxd at the hindmost axis to strike 
a shaft to the bottom of the river, which will drive the vessel forward with the greater 
force.**— P. 47. 

*^ It is my opinion," adds Mr. Hulls, '^ it will not be found practicable to place 
the madiine here recommended in the vessel itself that is to be taken in or out of the 
port,*' &c -p-F. 41. 

^ If it should be Said that this is not a new invention, because I make use of the 
same power tp drive my machine that others have made use of to drive theirs for 
other purposes, I aiuwtr, the application of this power is no more than the applica- 
tion o£ any common or known instrument used in mechanism for new invented pur* 
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attenticm to the improvement of naval architectare. His spe- 
culations were not of that viaonary cast which terminate in the 
communication of a new thought either in conversation or in 
writing. He embodied his ideas in the substantial form of 
working models. He subjected his views to the rigid test rf 
direct experiment, and the failure of any of his schemes became 
only a new incentive to higher and more vigorous efforts. Mr. 
Miller was familiar with all the details of seamanship and ship- 
building. He was thoroughly acquainted with the causes which 
rendered navigation both insecure and uncertain, and his mind 
was bent upon removing, in so far as he could, the imperfections 
of an art which had raised his country above all other nations. 
The idea, therefore, of actually impelling vessels by steam, when 
they must either be becahned or be driven about by opposing 
winds, an idea very different fircMn the limited proposal of tow- 
ing vessels in and out of harbour, was one which sprung directly 
ffCHn his own active pursuits, and which he never for a moment 
abandoned till his speculations were realised in the actual con- 
structioai of a steam-boat Mr. Miller was engaged in these oc- 
cupations before the year 1787, when he wrote a treatise on the 
subject, entitled The EkvaMon^^ Section, Plans, and View of a 
Triple Vessel^ and of Wheels, copies of which he presented to 
the different sovereigns of Europe.^ The boat which he fitted 
up with a steam-engine was repeatedly tried on the Forth and 
Clyde Canal, and though it was not used for any specific com- 
mercial purpose, yet th^ experiment was successful, and esta- 
blished the practicability of his invention. Mr. Miller's in- 

poses.** — P. 45. See *•*• Description and Draught of a new invemted Machine for 
earryisig VeaseU or Ships out of or into any Harbour ^ Port, or River ^ against Wind 
mni Tide, or in a Cahn, By Jonathan Hulls." Lond. 1737* 
. ' '^ The first, or principal property," Mr. Miller remarks, *^ o( vessels cod. 
strected upon the plan here communicated, is derived from the wheels, the mecha- 
nism of which is simple and obvious. From the experiments I have made in difr 
ferent vessels with the wheels wrought by cranks, as shewn in the plan, it -appears to 
me that ships, however great their burden, if there be no wind, and the water is 
smooth, may be made to pass through it at the rate of from three to four miles an 
hour. When the movement of the wheels contes to be aided by mechanical powers, 
so as to accelerate their revolutions, the before-mentioned rate of a ship's going throujj^ 
the water will be in proportion to the power used. I have also reason to believe that 
the power of the steam-engine may be applied to work the wheels, so as to give them 
a quiver motion, and consequently to increase that of the ship. In the course of 
this summer I intend to make the experiment, and the result, if favourable, shall be 
communicated to the public." — P. 9-10. Mr. Miller's triple vessel with wheels 
was put upon the stocks at Leith on the 17tfa January 1786, and launched on die 
14th October 1787- 
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yentioo coBSE^ted of two boats placed togedier, with paddle- 
wheds between them, which were driven by a steam-engine; 
a^ it is angular enough that this very oonfltruction has been 
recently adopted as a ferry-boat on the Firth-of Tay. Mr. 
JH ilkr of Dalswinton was therefore ther first individual who ac- 
tually constaructcd a steam^boat of his own invention, and - 
established its utility by actual experiment. That he was the 
inventor of the st6am-boat in the strict sense of the word, we 
will not venture to afBrm ; but we have no hentation in stating 
it as our decided opinion, that he is more entitled to this dis- 
tux^on than any other individual who has yet been named.^ 

In the year 1795, the late Lord Stanhope tried the model of 
a steam-boat at his seat at Cheveney. 

The experiments of Mr. Miller having been either witnessed 
by Mr. Fulton, or communicated to him by those who had 
witnessed them, tins able etigmeer immediately perceived the 
advantage which America would derive from Uie introducdon 
of the steam-boat upon its extensive rivers and lakes. Mr. 
Synungton, a Scotch engixieer, who assisted Mr. Miller in Ins 
trials on the Clyde, is said to have erected the first steam.engine 
in America ; but Mr. Fulton had the great merit of introducing^ 
them on a great scale in the United States^ before th^ had a&i 
tually been used for navigation in Great Britain. 

In 1813, the first steam-boat used on the Clyde was built 
by Mr. Bell of Helensburgh, and no fewer than tMrty-daf 
are now employed in the navigation of the Firth of Clyde 
and its adjoining inlets. In the passage from Holyhead to 
Dublin, from Glasgow to Belfast, from Calais to Dover, from 
Brighton to IMeppe, from Inverness to Fortwilliam, ^ong the 
line of the Caledonian Canal, and from Leith to Aberdeen, In- 
veroess, and London, they have also been successfully intro-. 
duced. They are used on the Busman rivers, in the Baltic, and 
in the Gulf of Venice ; and we have, not long ago, witnessed the , 
rare sight of a stemn-vessel crossing the Atlantic to Liverpool, 
and afterwards navigating the Baltic to Stockholm and St 
Petersburg. The name of this fine American vessel was the 
Savannah, Captain Rogers, which arrived at. Liverpool on the 
SOth June 1819, after a passage of SI days,< from land to land. 

* We aie not acquainted dtfaer with the dates or the particiilan of the Marquif 
de Geoffrai's d^oimentswlth a iteam-boat on the Seine. 
9 See Edin. PUL Jowrnal, Yoh ▼% p. SO. 
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The vessel was of S50 tons burthen, and was fitted up in a 
superior style, with 32 state-rooms. The engine was in use 
during eighteen days, and by taking out some of the spokes of 
the cast iron wheel, and turning the blank segpnent downwards, 
the vessel was able to sail by the direct action of the wind, 
without any immersed floatboards to retard her motion.'^ The 
steam-vessels called the City qf Edinburgh and the James 
Wattj which ply between Leith and London, are the only 
ones in Great Britain which rival the Savannah in magnitude ' 
and splendour. 

In order to convey to the reader a general idea of the con- 
struction of a steam-boat, we have given a representation of one 
in Figs. 3 and 4 of Plate IV. Fig. 3 is a representation of 
the City of Edinburgh steam-boat, where WW is one of the 
paddle wheels, driven by the steam-engine within. Fig. 4 re- 
presents a cross section of the Royal George steam-ship, with an 
elevation of the engine, as at present executing by Mr. Giitz- 
mer, civil engineer, Edinburgh. At the two ends of the two 
horizontal axles A P, passing through the steam-boat, are fixed 
the paddle wheels, one of which is shewn at W W. The two 
cylinders of tlie engine are placed behind the steam-chests 
F^ F, which contain the valves ; and by the alternate ascent 
and descent of their piston rods B J?, attached to the cranks 
C C, SL rotatory motion is communicated to the horizontal axles 
A P, A P, and consequently to the paddle wheels. The cranks 
which work the steam-valves are shewn at K K. The air- 
pump E of the engine is wrought by means of the crank 2>, 
which receives its motion from the inner branch H of each of 
the cranks. The boiler G G extends across the whole breadth 
of the ship. The pillars h^ A, A, h support the top frame i i 
of the engine, and the rest of the machinery. The sides of 
the ship are shewn at Z, ?, ?, ?, the deck at w, m, ?w, w, and the 
funnel at At. 

The advantages whidi are to be derived from any improve- 
ment in the steam-boat have occasioned many attempts to per- 
fect its machinery. The ingenuity of inventors has been ap- 
plied principally to some substitute for the paddle-wheels. It 
has been proposed to construct compound wheels, in which the 

^ A fuller account of this vessel will be found in the EtUnbnrgk PkUostphicai 
Journal 1020, voL ii, p. 197. 
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Ifioat-boards shall always act with thrir full force in the water ; 
hut these, though advantageous in theory, have always prov- 
ed defective in practice. Some have proposed to apply the 
steam .of the engine to a long axis, with spiral fioatboards, and 
others have employed it as the impelling agent of a current of 
water, or air issuing from Uie middle of the boat, and acting 
against the water beneath.^ Mr Gladstones has re- „ , . 
cently proposed two wheels on each side, with a chain provemeuts 
of fioatboards between them, as in Plate II, Fig. »» •*»«>- 
11, fioatboards being substituted in place of buc- 
kets, and the chain of them being inclined a little to the hori- 
zon. Among the various forms of the water wheel, by which 
it has been proposed to impel steam-boats, that of an under- 
shot wheel, constructed like a wind-mill, and moving in a 
a plane perpendicular to the direcUon of the current, does 
not seem to have been suggested. This water wheel, of which 
we have given some account in p. 45, has great power, and 
might be placed to most advantage in the middle of the 
vessel. Two or even three of these wheels might be fixed 
longitudinally on the same axis, lying in the direction of the 
length of the boat. 

Various attempts have been recently made to render steam- 
boats fit for a tempestuous voyage. Messrs. Redhead and 
Parry have pressed to extend two horizontal channels through 
the whole length of the vessel, with apertures by which the 
water can enter and escape. The water reaches nearly to the 
top of these channels, and two or more pair of paddle wheels 
■are mounted, with their lower parts immersed about one foot 
under the water in the channel. In stormy weather the aper- 
tures of the channels may be closed by sliding shutters, and 
the water pumped out of the channels. The wheels are there- 
fore entirely closed in, and the boat may be navigated by sails, 
like any ordinary vessel. Mr. Wight of Edinburgh has pro- 
posed an analogous contrivance with only one wheel. 

On the Application of Steam to drive Carriages, 

The first person who suggested the idea of driving carriages 
by means of steam was our celebrated countryman Dr. Ro- 

^ An aooount of some of these contriTanoes, whiefa are very ingenioos, will be 
ibund in the Mdinkurgh PkUotophical Jowmal 1821, voL t, p. 116. 



116 APPLICATION 07 STSAU TO CA&ftlAOBS. CH. I. 

bisDii ; but it does not seem to have been put in praetice till 
180S, when Messrs. Trevethick and Vivian took out their pa- 
tent for high pressure engines, for the express purpose oi 
driving carriages. They executed a steam^carriage in 1804, 
and tried it upon the rail^roads at Merthyr Tidvil. The trials, 
however, which were made of steam-carriages, ware principally 
of an experimental nature till 1811, when Mr. Blinkinsop, pro- 
prietor of the Middleton coal works, which supfdy the town of 
Leeds, introduced them for the purpose of conveying coal along 
his rail-roads. The boiler in Mr. Blinkinsop^s steam-^carria^ 
was supported by four wheels without teeth ; but it rec^ved 
its motion by a crank connected with the piston, which nloved 
other two wheeels in the centre of the carriage, having strong 
teeth on their circumference. These teeth acted upon teeth in 
the rail-coad, and in this manner the carriage with its train of 
30 coal-waggons was moved along. 

In the year 1816, Messrs. Losh and Stephenson of New- 
castle took out a patent for improvements in the steam-carriage, 
of whidi we have given a representation in Plate IV, Figs. 6, 
6, 7, and 8, Fig. 5 being a section of the engine and carriage, 
and Fig. 6 being a view of the same, drag^ng after it the car- 
riage containing coals Ey a dstern of water jP, and one of the coal- 
waggons 6, &c« The steam-engine, which has already been de- 
scribed, has two cylinders, whose pistons A^ B drive the crank- 
rods ACy B D^ which give a rotatory motion to the two wheels 
C\ 2>, to which they arje fixed, the two oj^x^te wheels, which are 
not seen in the figure, being driven by two similar rods. The 
rail-rods R R^^ which are new and ingenious, are acted against 
by the circumferences of the wheels merely by friction. The 
middle pair of wheels receive their motion from the other two 
pair by means of a chain passing over two rag-wheels m, n, 
placed in the centre of each axle, as seen at cm Fig. 5. The 
chain communicates its motion to a third rag«wheel c, and thus 
drives the middle pair of wheels. In Mh Blinkinsop^s car* 
riage, the engine rested directly upon the axles ; but Messrs. 
Losh and Stephenson connect the boiler with the axles by the 
intervention of six floating pistons 6, 6, moveable within cylin- 
ders a, a, a, a, into which tibe steam or the water of the boiler 
is allowed to enter. These cylinders are best seen in Fig. S, 
where 6, b are the floating pistons connected with wrought iron 
rods below, the ends of which rest upon the bearing.brM»e» 
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of the Axles of the wheels C, 2>. These pistcou press equally on 
all the axles, and cause each wheel to bear with equal force 
jupon the rail-road R J?, and to act upon them with an equal de- 
gree of friction, although the rails should not be all in the same 
plane, for the bearing-brasses have the liberty of moving in a 
perpendicular direction in a groove or slide ; and, carrying the 
axles and wheels along with them, force the wheels to accom- 
modate themselves to the irr^ularities of the railway. By 
means o£ these pistons a steadiness of motion is obtained, and 
shocks are prevented in a way which could not be effected by 
suspending the engine on the finest steel springs. Figs. 7 and 
8 represent the construction of the rail-road and the wheels. 



CHAPTER II. 

ON THE FOEMATION OF THE TEETH OF WHEELS, THE LEAVES 
OF PINIONS, ANO THE WIPEES OF STAMPESS, &C« 

Xhough nothing is more essential to the perfection of ma- 
chinery th^ the proper formation of the teeth of wheels, and 
those parts of engines, by which their force and velocity are 
conveyed to other parts ; yet no branch c^ mechanical science 
has been more overlooked by the speculative and practical me- 
dhanics of this country. In vain do we search our systems of 
experimental philosophy for information on this point Their 
authors seem either to reckon it beneath their notice, or to be 
unacquainted with the labours of De la Hire, Camus, Kaest- 
ner, Euler, and other foragn academicians, who have written 
very ingenious dissertations on the teeth of wheels. It is 
in the writings, indeed, of these philosophers, that almost 
^all our knowledge upon this subject is contmned, if we ex- 
cept aiew general remarks, by Dr. Bobison and Dr. Young, 
and a recent practical work by the late Mr. Robertson Bu- 
chanan.^ 

^ Two ingenlbas memoirs have also been written upon this subject, by A. G. 
Kaestner, entitled, De DentUms Rotarum, and published in the Comment. Reg. Soc 
Gotting. vol. iv, and y, 1781, &c. The celebrated Euler has likewise treated this 
subject with great abUity, in his memoir De aptisHMa Figure Botanan DmMu» 
tnkmnda, iVbv. Cowmem. PetropoL 1754, 1755, tonk v, p. 299. 
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The curves which it b neceaMury to give to the teeth of 
lyheelSf^in order that they may drive one another with uniform 
force and velocity, are called Cydoida and Eipicgdoids. A 
Cycloid is a curve which is described by any point in the cir- 
cumference of a wheel or circle when rolling along a straight 
line ; and an Epicycloid is a curve described by any point iB 
the circumference of a circle rolling either upon the inttrior 
or exterior circumference of another circle. The circle whidi 
rolls is called the Generating Circle. When the radius of the 
generating drcle is infinitely great, a part of its circumference 
may be considered as a straight line, and in thb case the 
epicycloid which would be formed by such a drde rolling 
upon another, is the same curve that is produced by any point 
of a string wrapped round the circumference of a circle and 
uncoiled, or by any point in the straight edge of a ruler which 
is made to roll upon the circumference. Such a curve is called 
an Involute^ and the circle from which the string is uncoiled 
the Evolute. These curves are easily formed by methods which 
will afterwards be explained, and the practical mechamc can 
have no difficulty in understanding their general ]NX>perties. 
There is one epicyclcnd, however, which has an interesting 
character. If a circle rolls on the inside of another of twke 
its diameter, the epicycloid described is a straight line. This 
curious property is not .only of great advantage, as will be pre- 
sently seen ; but has, in the hands of an ingenious mechanic, 
beei^ embodied into a beautiful contrivance for at once ccm^ 
verting the rectilineal motion of a piston into a rotatory motion. 
This pro- For the discovery of the mechanical properties 

perty of die q( ^hc epicvcloid, which Dr. Robison has ascribed 

epicvdoiQ I ■/ •* 

discovered by to De la Hire, or Dr. Hook, we are indebted to the 
Roemer. Danish astronomer Olaus Roemer, the discoverer of 
the progressive motion of light; and Wolfius, upon whose 
authority this fact is stated,^ laments, that the mechanics of 
his time did not avail them^ves of the discovery. 

In order to insure an uniformity of pressure and velocity 
in the action of one wheel upon another, it is not neoesaary 

^ £x eodem foote Olaus Romerufi, cum Parisiis commonuretur, quamvis noo aine 
subsidio Geometriae sablimioris, deduxit figuram dentium in rotis epicydoidalem ease 
debere : id quod post eum quoque ostendit PhiUppuB de la Hire ; sed qaod doleii« 
dum hacteiQ^iis in praxin reoepta Don est. Wetfii Opera Mmtkemat, torn, i, p. 684. 
The same fact is stated by Leibnitz, in the MiweUaih BeroUmeiu, 1710, p. 316. 
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diat the teeth, eidier of aae or both wheels be exactly qMcy- 
dokb. If the teetii of one of them be either cbecular, or tri- 
angular, with its sides oonyergtng to the wheels* centre^ or, 
indeed, of any other form, this unifonnity of force and motion 
will be attained, provided that the teeth of the other whedi 
have a figure which is ccnnpounded of that of an epeycloid 
and the figure of the teeth of the first wheel.' But, as it is 
often diflicult td describe this compound curve, and sometimes 
haposflible to discover its nature, we shall endeavour to select 
audi « form for the teeth as may be easily described by the 
practicai mechanic, whUe it ensures an uniformity of pressure 
and veloci^. 

In pursiung this subject, we shall call the largest piate y. 
of the two wheels My JV, viz. JIf , the wheels and the ^%* ^• 
smaller, N^ the ptmon. The acting parts of the wheel are 
calkd the teeth, and the acting parts of the puoions leaves* 
When the pinions have the form shewn at EF^GHj and B B 
in Fig. 4, Plate III, Vol. I, they are called lantemsy and the 
cylindraeal teeth trundles, or spindles. 

The line B F j<»ning the centres B and F of the wheel and 
pinkm, is called the line cf centres ; and when this line of 
centres is divided into two parts B Ay F Ay whidi are to one 
another as the number of leaves in the pinion is to the number 
of teeth in the wheel, F A y& called the jiriinMof rad&su of the 
wheej, and BA the fT%im&ve radius of the pinion ; while the 
lines /y*and Bb are called the true radii of the wheel and 
pinion. The drcles X AXy R A My are called xheprimtHve 
drcufogferencesy or pitch Unes. 

Coise I. If the acting faces of the teeth of a )F%€«7 are epicy- 
4^d8, whose generating circle has the same radius as the pri« 
mitive radius of the Ptniony and' whose base has the same ra- 
dius as the primitive radius of the wheel ; and if these teeth 
dnve the pinion by acting upon infinitely small pins in its cir- 
cumference, the motion of the wheel and pinion will be uniform. 

Let mm! m" (Fig. £) be the primitive circumference of the 
wheel My and ahc that of the pinion N. Let mUym' »', m" n' ', 
be equidistant epicycloidal lines generated by the points a &c 
of the wheel N rolling upon JIf , or successive positions of the 

^ M. de la Bin has tlMwii, ina fiiiety of CMes, how to iind this compoitad aurro. 
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Bttme curve line mn; and a, 5, e •mall equidistant pins in the 
rim of the pinion or succesidye positions of the pin a, by which 
the epicydoidal lines were generated. Now, since the epicy- 
cloids m Uy m' n\ m" n" are formed by the circumference cha 
rolling over m*' m' m, the ardi a b must be equal to m m, and 
the arches ab, ac^ iommff m mf' respectively, for as the epi- 
cycloids mn, m^ n\ m" n", are described by the points a, by e^ 
every point of the arch a b must have been in contact with every 
corresponding point of m m"; and therefore ab^=ss-m'rti, and, 
for the same reason, ac^=^m m". Hence, if the pinion If is 
driven by the wheel Jf , by means of the epicydoidal teeth m n^ 
&c. acting upon the pins a, 6, c, &c. eaph of them will desctibe 
in the same time ares of equal l^gth, and therefoie their mo- 
tion will be uniform. 

CcLse II. If the acting faces of the teeth of a wheel are ef»- 
cycloids, whose generating drcle is of any magnitude whatever, 
and whose base is the convex drcumference of the wheel, and 
if the acting faces of die leaves of the pimon are epicyclrndb, 
described by the same generating circlcf, and whose base is tl^ 
concave drcumference of the pinion^ the motion of the wheel 
and pinion will be uniform. 

Let m m' (Fig. 8) be the convex drcumference of the wheel 
JIf , and m 71 an epicycloid g^ierated by a drcle of any diame- 
ter ^ fTi rolling upcHi it ; and let a y be another epi^cloid 
formed by the same circle A m, rdling upon the concave dr- 
cumference cab of the pinion N ; then if the teeth of the wheel 
have the acting faces of the form m », and the leaves of the 
pinion their acting faces of the form a y, the one will drive tlie 
other uniformly. Let the epicycloids mn, a », be in the posi- 
tions m' n',b^ \ then since in the formation of the epicycloids 
jn'n',b /, the two bases m m', ab, coincide at m, the two epi- 
cycloids must also coincide and touch each other at the point d 
in the circle Am, eo taken that ad^sx mm\ But a 6 is also 
equal to a. d, as the epicycloid b f' is formed by the developement 
of ad from (a; hence a 6 =s m m' ; that is, the wheel and {union 
will describe arcs of equal length in the same time, and there- 
fore thdr motion will be uniform. 

Ca>8e III. If the acting faces of the teeth of a wheel are epi- 
cycloids, whose generating circle has a radius equal to half the 
radius of the pinion, and a beuse of the same radius as the wheel. 
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^iokI if file actiog faces of the leaves of the piiikm are ilraiglit 
hues directed to the centre of the pinion^ the moCioii of the 
wheel and psnion will be uniform. 

This mode of action, which we have represented in Fig. 4^ 
is a particular case of the preceding mode ; for when the radius 
of the generating circle is one half of the radius of the ooooave 
base on whidi it revolves, the irUerwr epicjfdoid a f (Fig. 8), 
which it describes, then becomes a straight line.^ The demqo- 
stnition is therefore the very same as in Case II. 

Case IV. If a wheel M drives a wheel N (Fig. 6), by means 
of teeth m n, m' n^, acting upon the leaves adybb\ whadi are 
respectively involutes of circles mm' C^ baDf to which any 
Jine C JD, passing through J, is a common tangent^ the motion 
of the wheel and pinion will be uniform. 

Having drawn through A a ri^ line C D, touehing both 
the circles Nb aDj Cm' «», let fall upon it from the points F 
and J3 the perpendiculars F C and B D ; then if we form the 
^volutes m n, ao", by evolving C A £rom the arcumfierencQB 
.Cm and D a, it is obvious that they will touch one a^iotW at 
the point A, and that the common tangent CD will be perpen- 
^icular to both at that point Let m n have the position ml nt^, 
when a d has the position b Vy then it is manifest that the pmnt , 
A'y in which they toudb one another, will always be in the 
straight line C D;^£oic A' will be in both the involutes formed 
-by evolving CA', D A &om the arches C m', D 6. Now, (onoe 
mm'^Cm—Cmf = CA -^C A' =AA',ttDd 

ab^Db — Da^DA'—DA=AA\ 
•we have mm^^ab; that.is, the wheel and pinion will describe 
arcs of equal length in the same time^ and therefore move uni- 
fiormly. 

The following curious results respecting the teeth of wheels 
have been recendy given by M.-Clapeyion :^— 

In Older to cotiununicate the modon of one wheel to an ex- 
ternal wheel, without friction, the teeth must be terminated 
with equal arcs of equal ellipses, having for their greater axis 
the distance of the centres, and a small rotatory axis. 

Let A, C, JB, D, (Fig. 6), be the foci of two equal eL 
Hpses placed beside one another so as to touch in the ex« 

* See Art Eptcydoidt Edinburgh Etuydopadiay JoL iz, p. 184, eoL 1, § 3. 
^ AnmUa des Mmu^ 1820, torn, v, p. 113. 
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4reniitieft erf* thar greater axes. Let us suppose that one of the 
dMpses AC is fixed, and that the other, B D, rolls upon it. 
Then if it is demonstrated that the epicycloid described by the 
focus B of the moveable ellipse is a drde^ having A for its 
centre, and A B for its radius, it will follow that if we suppose 
A and B fixed in the two ellipses, and make diem moveid>Iey 
the firs^ round A and the second round jB, the ellipse B D will 
communicate its motion to the eUipse A C, without any fric 
tion on the touching surfaces. 

Let D" JB^ be one of the positions of the ellipse B 2>, revolv- 
ipg round A C, supposed fixed ; then it will be found that A B 
=^AB> For since the moveable ellipse has rolled upon the 
fixed ellipse, we have Rs^^Rm^ and consequently R B' =^ 
R C, since the ellipses are equal. For the same reason, the 
angle of the radii vectors B R and C R, with the common tan. 
gent P gj will be equal ; and as the angle PR A and CRqin 
an ellipse are equal, it follows that the points A, R, B are 
in a straight line ; and since AR + RB=^AR + RC^^AB^ 
it follows that AB' =^AB^ and that J3 ^ is the arch of a circle. 

In order to communicate the motion oS'oae wheel to an' inte- 
rior wheel without friction, the teeth may be terminated with 
equal arcs of equal hyperbolas, having for their greater axis 
the distance of the centres of the wheels. 

If we suppose two equal hyperbolas, AmB, A' m B* (Fig. 7), 
touching at their summit «?», and cme of them, viz. AmB re* 
volving round the other AfmB, when fixed, then the curve 
described by the focus R of the moveable hyperbola will be a 
circle, having its centre in the focus T of the fixed hyparbola. 
Let n be the primitive position of the focus^of the moveable 
hyperbola AmB and let asb be one of its positions ; then, 
since the one has roU^ upon the other, we have Rq = Pq^ 
and therefore the pcnnts 7, J2, q are in a straight line. Haice, 
R T = Tq — ^^^9 = a constant quantity, sipce the curve ^ «^ ^ 
is a hyperbola. If we suppose, therefore, the fod n and T 
fixed, and each hyperbola turning round its focus, the one will 
move the other without friction. 

On the Teeth of Rackwork. 
Case V. If the teeth of a rack, as shewn at O, P, /, iT in 
Plate XIII, Fig. 4, Vol. I, drive a pinion, then when the 
acting faces of the teeth of the rack are cycloids^ whose ge» 
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nerating circle has the same radius as the pinion, and when 
their teeth drive the pinion by acting upon infinitely small pins 
placed in ite circumference, the motion of both will be unifiMrm. 
Since this is a variety of Case I, where the radius of the 
wheel is infinitely great, and where the epicydoida pass into e^ 
doidg^ it does not require any farther demonstration. 

Ccue y I. If the acting faces of the teeth of the rack are 
cycloids, whose generating drcle has a radius equal to half the 
radius of the wheel, and if they drive the wheel by acting upon 
rectilineal teeth, which are a continuation of the radii, the mo- 
tion of both will be uniform. 

As this is a variety of Case III, where the radius of the wheel, 
or the base of the epicycloids, is infinitely great, it requires no 
demonstration. 

CcLse VII. When the teeth of a wheel driving a rack have 
thrir acting faces formed of the involutes of a circle, having the 
same radius as the pinion, and drive the rack by acting upon 
infinitely small pins fixed in its rectilineal edge, the motion will 
be uniform. 

This being a variety of Case I, where the radius of the pinion 
is infinitely great, and where the epiafdM becomes an invohUe^ 
from the radius of its generating drcle becoming infinitely great, 
it requires no demonstration'. 

M. Clapeyron, in extending his reasoning to the case wlieie 
the external wheel has a radius infinitely great, which is the 
case of a rack, has shewn that tiie hjfperbolic area beocnne para- 
bo&c, and hence it follows lliat for rack work, or oases where a rod 
rises or moves in a rectilineal direction, the faces of the acting 
parts may be parabolic. 

. On the Form of Spindles or Trundlesjbr driving Lanterns* 

Case VIII. If the acting faces of the teeth of a wheel ate 
curve3 drawn parallel to an epicycloid, formed by the revolution 
of a circle equal to the lantern upon the wheel as a base, so that 
the distance between the epicycloid and the curve is equal to 
the radius of the spindles, this wheel will drive the spindles 
with an uniform motion. 

Let the figure of the teeth of the wheel M (Fig. 8), whose 
primitive radius is ^^n (/^ being supposed at the centre of the 
arch m' m), be required, in order to drive uniformly the lantern 
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N9 vhoie printitiye radius ia Bm, Let jp m be the radius of 
tlie studies, then widi a generating drcle, whose radius is B m, 
and on a base, whose radius is Fm, describe the eofierior epU 
eifdoid m n. This epicycloid ould be the proper form of the 
teeth, if the spindles p m were iofinitdj small (See Case I.> 
Upon any numbor of points in the qpicyclcxd m n, as centres viz. 
1, 3, S, 4, with p m, the semidiameter of the spindles, as a ra- 
dius, describe arches of circles, seen between m' and nf the 
curve m' n\ drawn so as to touch all these drcles, will be pa- 
rallel to the epicycloid, and will be the form of the teedi re- 
quired. The same form must be given to the teeth when they^ 
are {daced on the concave or interior ^e qX. the wheel, and 
drive the lantern in the inside of the wheel. The epicycloids 
are of course in that case interior .ones, as the generating circle 
rolls upon the concave side of the base. 

Since the ejHeydoid m n drives the infinitely small t^indle* 
at m uniformly by Case I, so that misat f^ when thesptn^ 19 
ait a, we have amzsm fi, and hence the equidistant curve m'n'' 
will drive the spindle p m uniformly. For as the prait where 
m' n' touches the qnndle must always be distant from m by the 
radius of the s{Hndle, the point m' will want a quantity zz mp 
of the point ^»and the corresponding point of the spindle wbi<4i 
the point m' touches will want the same quantity mp of the 
point a ; and, therefore, since am=:^m, am — mpzz fcm 
^-^ mp; that is, the wheel and lantern will move uniformly. 

If it is required, that the teeth do not act upon the spindles 
till the former reach the line of centres F B^ the curve m' n'^ 
should not touch the spindles till the point m' has arrived at m. 
-ghe tooth m' n', therefore, will b^gin to act upon the spindle 
at the point o, where the primitive circumference of the lantern 
cuts the circumference of the spindle. The unshaded parts, 
therefore, of the spindles, might be cut away as superfluous; 
but a^ it is obviously better that they retain their cylindrical form^ 
the hollows between the teeth of die wheel' should be arches of 
a circle described by a radius a little greater thaTi mp* 

On the Form of the Wipers of Stampers^ and the Ujf^^ CcffS 

or Cams of Forge Hammers. 

In machinery, where large weights are to be raised, such as 
in fulling-mills, mills for pounding ore, &c. or where large pis- 
tons are to be elevated by the arms of levers, it is of the greatest 
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consequence that the power should iraise Uie wagbt with an uoU 
form force and vdocity ; and this ean be effected only by gtviog 
a prop» form to the wipers. A certain class of mecbanics go* 
nerally^ excuse. themselves for not attaiding to the proper fcnrm 
of the teeth of wheels, by alleging that the scientifie form differs 
but little fnHn thdirs, and that teeth, however badly formed, 
will, in the course of time, work into die proper shape. This 
excuse, however, will not apologize for their negligence in the 
present case. The. scientifie form of the wipers of stamp^s and 
the arms of levers are so widely different from the form which 
is generally assigned them, as to increase very much the per-* 
foirmance of the machine, and preserve its parts from that in* 
jury which is always occasioned by the want of an unifonn mo- 
tion* 

Case IX. If the wipers for raising stampers have their acu 
iBg faces involutes of a drcle, whose radius is that of the 
ivbeel upon which they are to be fixed, and if they elevate the 
glmnper, by acting upon a plain smrface perpendicular to the 
vertical direction in which the stamper rises, the motion will be 
uniform. 

This kind of action is shewn in Fig. 9, where M is the wheel 
funaisbed with wipers, and N the stamper. The curve bca( 
the stamper isf an involate, fcxrmed by evolvu^ the arch a b, 
which must always be equal to the height nn' through which 
the stamper is to be raised. This is the same case as that 'm 
Case yil. 

Case X. If the wiper is to nuse the stamper, as in Fig. 10, 
by means of a curve fixed upon the stamper, the curve must be 
a cycloid, the radius of whose generating circle is the length 
of the arm D H. 

Thus, in Fig. 10, let C D be an axis, moved by any power, 
in which are fixed the arms 2) JET, M R^ having rollers, If, iJ, 
» at their extremities, which act upon the curved arm op, Whe^i 
the pstoD E F is raised to the proper height, by the action.of 
the roller ^H upon op, it then falls, and is again elevated by the 
arm M R. In order that its motion may be uniform, the arm op 
Bnust be part of a cycloid, the radius of whose generating drele 
is equal to the length of the arm D H, reckoning from its ex- 
tremity H, or the centre of the roller, to the centre of the axle 
D C. But, when a roller is fixed upon the extremity H, we 
must draw a curve parallel to the cycloid, and without it, at 
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the distance of the roller^s semidiaineter ; and this curve will be 
the proper form for the arm op. It is evident, that, when this 
mode of raising the piston is adopted, the arm DH must be 
bent, as in the figure, otherwise the extremity^ would prevail 
the roller H from acting upon the arm op. 

Case XI. If the wiper is to raise the stamper in the manner 
diewn in Fig. 11, it will be raised uniformly if the acting face 
of the wipers has the form of the spiral of Archimedes. 

Plate V. Let AHhes, wheel moved by any power which ia 

Fjg. 11. sufficient to raise the weight M N hy its extremity 
O, from O to ^, in the same time that the wheel moves round 
one-fourth of its circumference it is required to fix upon its 
rim a wing O BC DEH^ which shall produce this effect with 
an^ uniform effort Divide the quadrant O H into any num* 
ber of equal parts Om^ mn^ &c. the more the better, and e 
into the same number Oh^hc^cd^ &c. and through the points 
m, 9», p, H^ draw the indefinite lines A By AC, A J9, A£, and 
make A B equal to A bj AC to Ac, AD to Ad, and A E 
to Ae\ then, through the points O, JB, C, D, £, draw the curve 
O B C D E, which is a portion of the spiral of Archimedes, and 
will be the proper form for the wiper, or wing OH E.^ It is 
evident, that when the point m has arrived at 0, the extremity 
of the weight will have arrived at b ; because AB\r equal to 
Ab; and, for the same reason, when the points n,p, H, have 
successively arrived at O, the extremity of the weight will have 
arrived at the corresponding points c, d, e. The motion, there 
fore, will be uniform ; because the space described by the weight 
is proportional to the space described by the moving power, O b 
being toOc as OmtoOn. 

If it be desired to raise the weight with an accelerated or a 
retarded motion, we have only to divide the line O e according 
to the law of acceleration and retardation, and form the curve 
OBCDE as formerly. 

Case XII. If the weight is to move round a centre, and rise 
in the same plane as that in which the wheel moves, the acting 
faces of the wipers must be formed in the following manner : — 

The celebrated Deparcieux, of the Academy of Sciences of 
Paris, has ^ven an ingenious and simple method of tracing me- 

• For 8 different way of forming this spiral, see Wolfii Opera MaOemaUea^ 
tom* i, p. 399. 



CH. n. ANP THE CAMS OF FORGE HAHMEftH. 129 

chamcally the curves which are necessary for this purpose. 
Though this method was published about fifty years ago in tlie 
Memoirs of the Academy, it does not seem to be at all known 
to the mechanics of this country^ We shall therefore lay it be- 
fore the reader in as abridged and simplified a fbrm as the na- 
ture of the subject will permit. Let A B (Pig. 12), pute V. 
be a lever lying horizontally, which it is required to ^%* **• 
rmse uniformly through the arch B C into the position A C, by 
means of the wheel BFEH, furnished with the wing BNOPj 
which acts upon the extremity C of the lever ; and let it be re- 
quired to raise it through ^ C in the same time that the wheel 
B FEH mpves through one half of its circumference ; that is, 
while the point M moves to B^ in the direction MF B. Divide 
the chord C B into any number of equal parts, the more the 
better, in the points 1, 2, 8, and draw the lines la 2b 3 c pa- 
rallel to A B, or a. horizontal line passing through the point J?, 
and meeting the arch C B in the points a, 6, c. Draw the lines 
CD, aDj bDy cD, and j5J9, cutting the circle BFH in 
the points we, n, o, p. 

Having drawn the diameter BM, divide the semicircle BFM 
into as many equal parts as the chord C B, in the points ^, Sj u. 
Take B m and set it from 5 to r ; take B n and set it from a to 
t ; take B o and set it from uXo v; and lastly, set Bp firom M 
to E. Through the points r, ^, r, JB, draw the indefinite lines 
DNj DO, DP, DQ, and make DN equal toDc; DO 
equBltoDb; DPequaltoDa; and 2) Q equal to 2> C. Then 
through the points Q, P, O, JV, JB, draw the spiral By JV, O, P, 
Q, which will be the proper form for the wing of the wheel 
when it moves in the direction E MB. 

That the spiral BN O will raise the lever A C with an uni- 
form motion, by acting upon its extremity C, will appear from 
the slightest attention to the construction of the figure. It Is 
evident, that when the point q arrives at By the point r will be 
in niy because Bm\% equal to q r, and the pcnnt N will be at c, 
because 2> iV is equal to Dc; the extremity of the lever, there- 
fore, will be found in the point c, having moved through B c. 
In like manner, when the point s has arrived at B, the point t 
will be at w, and the point in ft, where the extremity of the 
lever will now be found ; and so on with the rest, till the point 
M has arrived at B : The point E will then be in /?, and the 
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point Qin C ; 90 that the lever will now have the position A C, 
havbg moved through the equal heights Bc^ cb, ha, a C,^ 
in the same time that the power has moved through the equal 
spaces qBf #9, 2^ #, Mu. The lever, therefore, has been 
raised uniformly, the ratio between the velocity of the power, 
and that of the weight, remaining always the same. 

If the wheel Z> turns in a contrary direction, according to the 
letters M H B^ we must divide the semicircle B HE M, into 
as many equal parts as the chord C By viz. in the points ^, gj L 
Then, having set the arch B m from e to d, the arch B n from 
g toj^ and the rest in a ^milar manner, draw through the 
points d, f, A, -C, the indefinite lines DR, DS^ DTy DQ, 
make 2>iZ equal to Dc; DjS' equal to Db,; J) T equal to 
D a, and D Q equal to DC ; and through the points J?, J?, S9 
Tj Q, describe the spiral BBS TQ9 which will be the proper 
form for the wing, when the wheel turns in the direction M HB. 
For, when the point e arrives at jB, the point d will be in 9?^ 
and R in c, whwe the extremity of the lever will now be found, 
having moved through JS c in the same time that the power, or 
wheel, has moved through the division ^ B. In the same man- 
ner it may be shewn, that the lever will rise through the equal 
heights cb, b a, a C, in the same time that the power moves 
through the corresponding spaces ^^, gi^ iM. The motion 
of the lever, therefore, and also that of the power, are always 
uniform. Of all the positions that can be given to the point B, 
the most disadvantageous are those which are nearest the points 
F, H ; and the most advantageous position is when the chord 
J3 C is vertical, and passes, when prolonged, through Z>, the 
centre of the circle.^ In this particular case the two curves have 
equal bases, though they differ a little in point of curvature. 
The farther that the centre A is distant, the nearer do these 
curves resemble ea^ other ; and if it were infinitely distant, they 
would he exactly similar, and would be the spirals of Archimedes, 
,as the extremity C. would, in this case, rise perpendicularly. 

^ The arches J9 c, c 6, &c. are not equal ; but the perpendiculars let fall ftom the 
points, e, a, ft, &c. upon the horizontal lines, passing through a, ft, &c. are equal, 
being proportional to the equal lines c 1 ; I, 2, Eud. tI, 2. Had it been re- 
quired to raise the lever through equal ardies, instead of equal heights, in equal 
times, then the arch B C, instead of its chord, would have been divided into equal 
parts. 

' In the figure we have taken the point JS in a disadvantageous posidon, because 
the intersections are in this case most distinct. 
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The intelligent reader will easily pereeive, that 4, 6, oe» 
igs may be placed upon the circiunference of the circle, and 
f be finmed by dividing into the same number of equal parts 
hechord^C, i, g, or J, of the circumference, instead of 

semicircle B FM. 

That the wing B N may not act upon any part of the lever 
ween A and C, the arm A C should be bent ; and that the 
itlon may be diminished as much as posfdble, a roller should 
fixed upon its extremity C. When a roller is used, how. 
r, a curve must always be drawn parallel to the spiral de- 
bed, according to the method already explained, the distance 
ween it and the spiral being everywhere equal to the radius 
the roller. 

Yhen two or more wings are placed upon the circumference 
the wheel, it has been the custom of practical mechanics to 
ke them portions of an ellipae whose semi-transverse axis is 
lol to Q />, the greatest distance of the curve from the centre 
he circle. But it will appear, from a compaiison fA an ellip- 
1 arch with the spiral N, that it will not produce an uniform 
tion. If it should be required to raise the lever with an ac- 
•rated or retarded motion, we have only to divide the chord 
[7, according to the degree of retardation at acceleratiMi re> 
red, and the circle into the same number of equal parts as 
ore, and then describe the curve by the method already iIluB< 
ted. 
"^ase XIII. If the weight is to move round a centre, and in 

same plane as that in which the wiper moves, it may be done 
a constant radius acting upon a curvilineal surface on the 
[y to be raised, which may be found in the following man- 
Let A B (Fig. 13), he a lever, which it is required to ruse uni- 
mly through the arch B C, into the position J C, by means of 

arm or constant radius D E, moving upon D as a centre, in 

same time that the extremity E describes the arch EeF. 
im the point C draw C H at right angles taAB, and divide it 
> any number of equal parts, suppose three, in the pcHnts 1,2; 
I through the points 1, 2, draw 1 a, 2 i, parallel to the hori- 
ital line A B, cutting the arch C JS in the points a, h, throng 
ich draw a A, h A. Upon D hb & centre, with the distance 
5, describe the arch Eie F; and upon .<^ as a centre, with 

distance ..4 Z>, describe the ascheOD, cutting the arch 
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EieFin the point e. Divide the arches Eie^ and FsCy each 
into the same number of equal parts as the perpendicular c JI, 
in the points k, i, 3, m, and through these points, about the 
centre -4, describe the arches k z, %g^ qr^mn. Take z x and 
set it from k to Z, and take gf^ and set it from i to A. Take 
r q also, and set it from 8 to f , and set n m from o to p^ and d c 
from etoO. Then through the points £, Z, A, O, and O, ^, p, 
/^, draw the two curves ElhOj and O tp F, which will be the 
proper form that must be given to the arm of the lever. If the 
handle D E moves from E towards F^ the curve E O must be 
used, but if in the contrary direction, we must employ the curve 
OF. 

It is evident, that when the extremity E of the handle D E^ 
has run through the arch E A;, or rather E /, the point I will be 
in A:, and the point z in x^ because xz \^ equal to k 2, and the 
lever will have ^ the position A b. For the same reason, when 
the extremity E of the handle has arrived at i, the point h will 
be in i, and the point g in^ and the lever will be raised to the 
position A a. Thus it appears, that the motion of the power 
and the weight are always proportional. When a roller is fixed 
at Ef a curve parallel to E O, or O Fy must be drawn as for- 
merly. 

It is upon these principles that the detent levers of clocks, 
and those connected with the striking part should be fonned. 
In every machine, indeed, where weights are to be raised or 
depressed, either by variable or constamb levers, its perform- 
ance depends much on the proper form of the communicating 
parts. 

Case, XIV. If the wheel which carries the wipers moves at 
right angles to the plane in which the lever moves, the wipers 
ought to be made in the following manner : — 

Let ABC (Fig. 14), be the lever which is to be raised round 
the axis A J?, by the action of the wing mn o( the wheel Z>, 
upon the roller d fixed at the extremity of the lever ; — ^it is 
required to find the form which must be given to the wiper m n. 
It is evident from Fig. 15, where C5 is a section of the lever 
and roller, and BA the arch through which it is to be raised, 
that the breadth of the wiper must always be equal to m n^ or 
r jB, the versed sine of the arch BA^ through which the roller 
moves, so that the extremity n of the wiper may act upon tlie 
roller B at the commencement of the motion, and that the other 
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extremity m may act upon the roller A^ when the lever amvea 
at the required position CA. It is easy to perceive, however, 
that, if the acting surface mnoi the wiper is always parallel to 
the horizon, or perpendicular to the radii of the wheel 2>, or 
the plane in which it moves, it will act disadvantageously, 
except at the commencement of the motion, when m n is pa- 
rallel to CB, For, when mn has arrived at the position op^ 
the extremity o will act upon the roller A^ but in such an 
oblique and disadvantageous manner, that it will scarcely have 
any power to turn it upon its axis, or move the lever round the 
fulcrum C. The friction of the roller upon its axis, therefore, 
v^ill increase, and the power of the wiper to turn the lever will 
diminish, in proportion to the length of the arch BA; and if 
C A arrives at a vertical position, the power of the wiper will be 
solely employed in wrenching the lever from its fulcrum. 

In order to avoid this inconvenience, we must endeavour to 
give such a form to the wiper, that its acting surface may al- 
ways be parallel to the lever, or axis of the roller, having the 
position m n when the roller is at 5, and the position o b when 
the roller is at A, 

Having stated the peculiarities of this construction, let us 
now attend to the method by which the acting surface of the 
wiper must be formed. Since the lever C JB is to be raised 
perpendicularly through the equal spaces r c^ ca^ aA in equal 
times, the acting surface of the wiper must evidently be part of 
the spiral of Archimedes, (see page 128), the method of de- 
scribing which is shewn in Fig. 11 ; but the difficulty lies 
in giving different degrees of inclination to the acting sur- 
face, in order that the part in contact with the roller may 
be parallel to the direction of the lever. Let A D, Fig. 17, 
be the wheel, which is to be furnished with wings, and let C q 
the perpendicular height, through which the lever is to rise, be 
equal to A r, in Fig. 15. Divide the quadrant D b into any 
number of equal parts, the more the better, suppose three, 
in the points c and r, and describe the spiral of Archimedes 
DinC, as formerly directed. Divide A r (Fig. 15) the sine 
of the arch BA^ into the same number of equal parts, in the 
points c, a ; and draw aj^ c g parallel to C -B, and cutting the 
circle in the points d, ^, and the tangent Bb'in the points fg ; 
and through the points C and d draw Chi. The line dj* is 
equal to the difiFercnce between radius and the cosine of the 
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«reh dB ; Ji is equal to the difference between the tangent 
and the sine of the same arch ; i B being the tangent^ andfS 
equal to the ane of the arch dB, or angle dc B ; ad is equal 
to a/— df^ or to the difference between rf/ and the versed 

aine of the whole arch AB ; and a A: is equal to *^ — , ^ - ^ 
for on account of the similar triangles dfi^ daJc, we have 
dfifi = da:ak;^ and consequently'a Jc = •L___ . 

Since then the points r, c, fl, J (in Fig. 16) correspond re- 
spectively with the points D, i, n, C of the spiral (in Fig 17), 
take ft and set it from n to m^ and a k from n to o ; take alsa 
ghj and set it from i to A (Fig. 17), set c g from i to Jfc, and 
make c B (in Fig. 17), equal to pb (in Fig. 15), or the difference 
between the tangent and the sine of the arch A By and through 
the points Z>, Ar, o, C, and 2>, A, w, JB, draw the curves DoCy 
Dm By which will be the proper form for the sides ON, MP 
of the spiral wiper M O N P (Fig. 16), the acting surface 
MONP must then be wrought in such a manner as to con- 
sist of a variety of planes, differently inclined to the plane 
B O N o£ the wiper, the angle of inclination being a right 
angle at O and My but increasing gradually till the inclination 
at NP becomes equal to the angle DC Ey or AC By in Fig. 
16.* From the construction of Fig. 15, it is evident, that the 
arches B e^ edy dA are not equal, nor are they aliquot parts o{ 
A B. But since the arch A By and its sine A r are known, and 
since the sines of the other arches are known, viz. bcyboy the 
arches themselves may be easily found by a table of natural 
ones. 

In Fig. 16, we have a perspective view of a wheel, furnished 
with two wipers, formed according to the preceding directions. 
F C and L N correspond with b C and rAy in Fig. 17 and 15. 
The curves AnmC^ and ON correspond with DkoC^ in 
Fig. 17, and MP with DhmB. The diagonal curve if JV 
corresponds with the diagonal curve DinCy and OMy the 
breadth of the wiper with mtiy or rBy the versed sine of the 

* The lines df, fi^ ad, aky may also be found meohanically, by making A C 
equal to the real length of the lever. 

* The curves, which must be employed in practice, should be curves drawn pa- 
rallel to those formed by the preceding method, at the distance of the semidiameter 
of the roller. 
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arch A B, ih Fig. 15. The breadth O M, howeYer, diould aL. 
vays be a little greater than the yersed sine of the arch through 
wbich Hie lever is to be raised, since MN is the path of the 
roller over the wiper^s surface. 

Having thus described the different methods of raising 
wdghts, whether perpendicularly, or round a centre, with an 
uniform velocity and force, it would be unnecessary to apply 
the principles of construction to those machines which are 
formed for the elevation of weights. The practical mechanic 
can easily do this for himself. There is one case, however, 
which deserves peculiar attention, because the wipers, formed 
according to the preceding rules, will not produce the intended 
effect. This happens in the caise of the large sledge hammer 
which is employed in forges, and which is moved round as a 
centre^ by means of a wiper acting upon its extremity. The 
hammer must be tossed up with a sudden motion, so as to 
strike an elastic oaken spring, which, being compressed, drives 
back the hammer, with great force, upon the anvil. Now, if 
spiral wipers, constructed according to the directions already 
^ven, are employed, the hammer will indeed be raised equably 
without the least jolting, but it will rise no higher than the 
wiper lifts it, and will, therefore, fall merely with its own 
-weight. But, if the wipers are constructed in the common 
w^ay, and the hammer elevated with a motion greatly accele- 
rated, it will rise much higher than the wiper lifts ity»*4t will 
impinge against the oaken beam, which is often used as a 
spring, and be repelled with great effect against the iron on 
the anvil. In any of the preceding constructions, this ac* 
celerated motion may be produced, merely by dividing B C 
according to the law of acceleration, and pnx;eeding as already 
directed. 

On the Teeth of Bevelled or Conical Wheels. 

In bevelled or conical wheels, a portion of a fluted or toothed 
cone is made to drive a portion of another fluted or toothed 
cone, as shewn in Figs. 18 and 19 of Plate V, for the pur- 
pose of changing the direction of any motion into any other 
direction, inclined at any angle to the first direction. 

In order to determine the relative size of the wheels for 
changing a motion into a direction inclined 30®, for example. 
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to its first direction, and in which the new axle shall move with 
four times the velocity of the first, — Let A B (Fig. 20) be the 
original direction of the motion ; through any point O draw 
CODy inclined 80^, to AB ; then since the axle C 2> is to move 
four times more rapidly than A J?, ^he wheel which it carries 
must have one-fourth the number of teeth, and one*fourth the 
diameter. Draw c d at any convenient distance from C2>, and 
parallel to it, and draw ab parallel to ^jB, so that J(a=J3&== 
4 C = 4 2> c^ and join the points of intersection i and O. Draw 
O m, so that the angle B Om :s= B Oi^ and draw O n, so that 
D0n:=:D0iy and these lines will mark out the size and si- 
tuation of the cones of which the wheels are to be portions. 
By attending to the preceding construction, it is obvious that 
it is nothing more than to divide the angle BOD into two 
angles, whose sines are to one onother as the number of the re- 
volutions of the one wheel is to the number of revolutions of 
the other, and as Mr. Simpson has shewn, (Select Ea^ercisesy 

p. 188), 2 sin. \Bor=2 sin. \BODy. 
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presenting the number of revolutions of the wheels. 
Spherical If We suppose the primitive circumference of the 

Epicycloids, pinion jV, Fig. 19, or the circumference of the base 
of the cone C N, to roll upon the primitive circumference of the 
wheel My or the circmnference of the base of the cone C My 
any point will obviously describe a curve ; and* as the point 
iV is always at the same distance N C from the centre C, it 
must be always in the surface of a sphere, whose centre is C, 
and therefore the curve which it describes will also be in the 
surface of a sphere, and has hence been called a Spherical 
Epicycloid. 

Case I. If the acting faces of the teeth of the wheel M 
have the form of a spherical epicycloid, whose generating circle 
is the primitive circumference of the pinion, and whose base is 
the primitive circumference of the wheel, and if they drive the 
pinion N by acting upon infinitely small pins in its circum- 
ference at Ny the motion of both will be uniform. 

Let a b (Fig. 21, Plate V.) be part of the primitive cir- 
cumference of the pinion, whose axis is A iV, and m m', part of 
the primitive circumference of the wheel, whose axis is A M, 
Let m n be a portion of a spherical epicycloid formed by the 
generating circle a b rolling upon the base m m\ and let it act 
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upon the pin a, and have the position m' n\ when the pin a 
has reached h. Had the point h been placed on m\ and the 
generating circle rolled from m' to m, the point h would have 
formed the spherical epicycloid m' n\ and the arch hm would 
have been equal to m' m ; but as the tooth m n has driven a to 
h in the same time that m has advanced to m\ and as a 6 = 
m' m, the wheel M has driven the pinion JV uniformly. 

Case II. If the acting faces of the teeth of the wheel 
M have the form of spherical epicycloids, whose generating 
arch has a radius equal to half the primitive radius of the 
pinion, and whose base is the primitive circumference of 
the wheel, and if they drive the pinion JV, by acting 
upon rectilineal leaves directed to its centre, the motion will 
be uniform. 

Let JV m, (Fig 22), be now the radius of ][union, and m ft 
a spherical epicycloid, whose generating circle has its diameter 
Nm equal io the radius JVm of the pinion m o. Let Nm and 
iVo be the rectilineal faces of its leaves directed to iV, and 
let the leaf Nm be driven into JVo, when the tooth m n has 
reached m' n\ Now the arc mp is equal to m m', because wi' n' 
is a spherical epicycloid formed by the point p ; and since the 
straight line JVo is formed by the circle mp^ revolving on the 
concave side of mo, (see Case III, p. 122) the point p must 
have coincided with o, and therefore the arc m o is equal to 
fnp^ and mo = m m'; and consequently the wheel and pinion 
have moved through equal spaces in equal times. 

Ccbse III. If a bevelled wheel drives a conical lantern with 
conical spindles, it will be done uniformly when the acting 
faces of the teeth of the bevelled wheel have the form of 
a curve drawn parallel to the spherical epicycloid in Case I, 
p. 136, and distant from it by the radius of the spindle. 

This is demonstrated in the same way as in Case VIII, 
p. 125, and the curve is drawn in the manner there described. 

In forming the teeth of bevelled wheels, the external spherical 
section a. Fig. 19, must be different from the internal spherical 
section ft, the spherical epicycloid at b being generated by a 
circle, which is the circumference of the conical pinion at n, 
and the base being the circumference of the conical wheel at 6. 
When one of these spherical epicycloids is given, the other 
may be found by drawing straight lines from C to every point 
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of the one which is given, and thefte lines will pass through the 
corresponding points of the other at all distances from C. 

M. Clapejrron has assigned new curves for bevelled wheels* 
He supposes O B and O D (Fig. 20), the axes of two cones, 
having their common summit in O, and demonstrates that 
the teeth ought to have the form of a cone, having its sum* 
mit in O, and having for its base a curve analogous to the el- 
lipse traced on a sphere having its centre also in O, Before 
demonstrating this, he gives the following method of describing 
the curve mechanically. Let A (Fig. 23), be the centre of a 
sphere ; B and C any two points taken on its surface. Fix the 
two ends of a loose thread at B and^'C, and by means of a point 
describe a curve in the surface of the sphere in the same man- 
ner as an ellipse is described on a plane. This curve is the one 
required. Then, if two of these equal curves like D C and A B 
(Fig. 24), are disposed in the surface of a sphere so as to touch 
at the summit of ^eir greater axis, as at m, and if we make the 
one roll upon the other, supposed to be fixed, so that the move- 
able curve never goes out of the surface of the sphere, then 
2>, C, A^ B being the foci of the curves, the focus A will re- 
main at a constant distance from the point 2>, reckoned on a 
great circle ; and consequently the radius of the sphere, pass- 
^^S ^y ^^ point A, will describe a right cone round the 
radius passing through the focus 2>. This may be proved 
by the same reasoning that was formerly applied to the ellipse 
in p. 124. 

When the wheels are interior, the curves are analogous to 
hyperbolas traced on the surface of the sphere. 

On the Formation of Exterior and Interior EpicycIoidSf a/nd on 
the Disposition of the Teeth on the WheeFs Circurnference. 

Nothing can be of greater importance to the prac- 
tical mechanic, than to have a method of drawing 
epicycloids with facility and accuracy ; the follow- 
ing ,we trust, will be found a very simple mechani- 
cal method :— 'Take a piece of plain wood GH 
(Fig. 25), and fix upon it another piece of wood jB, having its 
circumference mb of the same curvature as the circular base 
upon which the generating circle ^ J? is to roll : when the ge- 
nerating circle is large, the shaded segment B will be sufficient. 



Mechanical 
method of 
fonning epi- 
cycloids. 

PUtc V. 
Fig. 25. 
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In any part of the circumference of this segment, fix a sharp 
pointed nail a, sloping in such a manner that the distance 
of its point from the centre of the circle may be exactly 
equal to its radius ; and fasten to the board GH a piece of 
thin brass, or copper, or tinplate ad, distinguished by the 
dotted lines. Place the segment B in such a position that the 
point of the nail a may be upon the point ft, and roll the seg- 
ment towards (r, so that the nail a may rise gradually, and the 
point of contact between the two circular segments may advance 
towards m ; the cturve a b described upon the brass plate will 
be an accurate exterior epicycloid. In order to prevent the 
segments from sliding, their peripheries should be rubbed with 
rosin or chalk ; or a number of small iron points may be fixed 
in the circumference of the generating segment. Remove, with 
a file, the part of the brass on the left hand of the epicycloid, 
and the remaining concave arch or gage a h will be a pattern 
tooth, by means of which all the rest may be easily formed. 
When an interior epicycloid is wanted, the concave side of its 
circular base must be used. The method of describing it is 
represented in Fig. 26, where C 2> is the generating circle, F 
the concave circular base, M N the piece of wood on which this 
base is fixed, and cd the interior epicycloid formed upon the 
plate of brass, by rolVmg the generating circle C, or the gene- 
rating segment i>, towards the right hand. The cycloid^ which 
is useful in forming the teeth of rack-work^ is generated pre- 
cisely in the same manner, with this difference only, that the 
base on which the generating circle rolls must be a straight line. 

Although, in general, it is necessary to give the Both tides 
proper curvature only to one side of the teeth, yet it ®J[ *^®^*tf '^ 
maybe proper to form both sides with equal care, that properly 
the wheels may be able to move in a retrograde direc- *^P*^ 
tion. This is particularly necessary when a reciprocating power 
is employed. In the case of a mill moving by the force of a 
single-stroke steam-engine, the direction of the pressure on the 
communicating parts of the machinery is changed twice every 
stroke. During the working stroke, the teeth of the wheels 
which convey the motion from the beam to the machinery are 
acting with one side of their teeth, but during the returning 
stroke the wheels act with the other side of tlieir teeth.* 

* See Dr. Kobison^i TreatUt on Machinery^ in his Worktt^ vol. ii, p. 38. 
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. In order that the teeth may not embarrass one another be- 
fore their action commences, and that one tooth may begin to 
act upon its corresponding leaf of the pinion, before {he preced- 
ing tooth has ceased to act upon the preceding leaf, the height, 
breadth, and distance, of the teeth must be properly propor- 
tioned. For this purpose the pitch line or circumference of the 
wheel must be divided into as many equal spaces as the num- 
ber of teeth which the wheel is to carry. Divide each of these 
spaces into 16 equal parts ; allow 7 of these for the greatest 
breadth of the tooth, and 9 for the distance between each, or 
the distance of the teeth may be made equal to their breadth. 
If the wheel drives a trundle, each space should be divided into 
7 equal parts, and 3 of these allotted for the thickness of the 
tooth, and 3| for the diameter of the cylindrical stave of the 
trundle. If each of the spaces already mentioned, or if the 
distance between the centres of each tooth, be divided into 3 
equal parts, the height of the teeth must be equal to 2 of these. 
These distances and heights, however, vary according to the 
mode of action which is employed.^ The teeth should be round- 
ed off at the extremities, and the radius of the wheel made a 
little larger than that which is deduced from theory. But 
when the pinion drives the wheel, a small addition should be 
made to the radius of the pinion. 

On the formation of CycUnds and Epicycloids by Means of 
Points^ ami the Method of drawings Lines parallel to them. 

Method of As the preceding mechanical method of forming 
forming epi. epicycloidal curves may be regarded by some as too 
means of difficult in practice, and too liable to error, we shall 
points. point out a method of describing epicycloids by means 

of points, and a more accurate way of drawing lines parallel to 
them than that which is described in the preceding pages. 
Plate V. Let the radius A By Fig. 27, Plate V, of the 

Fig. 27. large wheel be called a, and the radius B C o{ the 
lesser one, or generating circle, be called J, and let the.. variable 

quantity ^ be equal to — -x ^j ^ being any number of degrees 

taken at pleasure, and equal to^the variable angle B A O. Then 
having drawn the chord BO we shall have A B O^ or A O B = 

' Wolfii Opera Mathemutica, torn, i, pp. 696-7. 
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90^— i; the chord BO = 2 ay. sin.^; and A O D = %Qf 

X |. Whence^ 02? = ^^; and 02> = 2 6 X sin. |. 

The line D being thus determined, we have one point D of 
the epicycloid B D. If the angle BAO^ov the variable quan- 
tity z be gradually diminished, and O D determined anew, we 
shall have other points of the epicycloid between D and B : or 
if z be increased, other points of the epicycloid beyond D will 
be determined. Since a very small arch of any curve may be 
represented by the arch of a circle equicurve to it in the same 
point, we may describe a small portion of the epicycloid at D 

with a radius equal to X 2 O D. This radius being rec- 

^ a+26 ^ 

koned from X>, on the line D O, which is perpendicular to the 
epicycloid at 2>, will give the centre from which the elementary 
arc at D may be described. In finding the different points Z), 
d of the epicycloid B Z), we determine at the same time the 
lines D O, dO, perpendicular to the epicycloid in the respective 
points JD, d; hence it will be an easy matter to draw a curve 
parallel to the epicycloid B D at any given distance. Thus 
let M be the ^ven distance, then take the hne M in the com- 
passes, and set it from D to F on the perpendicular D F^ and 
also from d to /, on d^ and so on for the other points. A 
number of points jF,/, &c. will therefore be determined, through 
which we can describe the curve EfFG^ which will be paral^ 
lei to the epicycloid B X), and distant from it by the given quan- 
tity M. 

In order to illustrate this method by an example, let 
A B^ the radius of the large wheel, be 42.991 inches, and 
B C = 25.7946 = -4 J? X 0.6, then a.b as 10 : 6. Let us 

suppose z = 12°. Then ^ = — x 12, or x = 20° ; conse- 
quently I = 60 ; J? O Z> = 16°. Since 5 O is equal to 

£ a X sin. - we shall have 

Logarithm 2 a = 1.9344123 
Log. Sbe I or 6° = 9-0192346 



Therefore B0 = 8.9876 0.9536469 Log. 
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In order to find OD=s 2& Xnn. - we have 

2 

Logarithm 2 b =1.7125636 
Log. Sine f or 10" = 9.2396702 
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Therefore 0D = 8.9584, 0.9522338 
The radius of curvature at the point 2>, consequently, will 

be= — X OD, when z= 12*','^ that is, the radius of curvature 

will be 13.030. If ja: be successively diminished to 6®, 4% and 
2% we shall have the results contained in the following table, 
which are found in the same way as when z = 12°. 



z 


X 


EBO 


BOD 


BO 


OD 


Badiaaof 
CuTTatuie. 


2° 

6 
12 


3° 20' 
6 40 
10 
12 


r 

2 
3 
6 


2° 40' 

5 20 

8 

16 


1.5006 
3.0007 
4.5000 
8.9876 


1.5004 
2.9996 
4.4962 
8.9584 


2.1824 

43631 

6.5400 

13.0300 



By means of this table, four points of the epicycloid may 
be found. Make the angle JB J O = 12°, J5 Z> = 16, and 
O D = 8.9584, which will determine the point D ; and so on 
with the rest. 

As it would be extremely difficult to project the wheels 
C and A upon paper, when they are very large, we shall shew- 
how to describe the epicycloid without using the centres C and 
A. Draw B E perpendicular to the line C A that joins the 
centres of the wheels, and make the angle EBO equal to one 
half of jsr, viz. 6 degrees. Make B 0, as before found, equal 
to 8.9876; theangle JB0J[>=16% and 0D = 8.9584, and 
the point D will be determined when the line C Ais only pven 
in position. 

In the cycloid let the line B O (Fig. 28, Plate V.) be equal 
XjobXz^b being the radius of the generating circle c, and z any 



% 



number of degrees taken at pleasure. Then 2>0 = 25 X Sine r. 



7 The radius of curvature being always = ^ "^ ^ , X 2 O Z), it win be equal, 

a "^ 2 b 

. ^ ,10 + 6 16 16 

in the present example, to JqXTI ^ 2 O JD, or ~ X 2 0Z>, or jjX OD. 
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and JO O 5 = -. From 2) let fall the perpendicular 2) JP, and 
let 2)jr=«/, and BK=zx; then Do X sine- =jDJP, or 



JS« 



y == 2 6 X sine — = Jx versed sine x = J X 1 — cos. z. Like- 
wise we have^'iT O = 2 $ X cos. - X sine - = JXsine x. Whence 

2 % 



JB Ki or a^s^b X ^— si^e z. Wherefore B K and D K being 
thus found, the point D in the cycloid will be determined ; and 
by diminishing z continually, we shall then have other points 
of the cycloid between D and JB, and by increasing it we shall 
have points beyond D. 

To illustrate this by an example, let 6 = 1 and ^^^^ 
z = 120° = 180° — 60°, then since 6 = 1 we shaU ^' 

have y = versed sine 120* = 2 — versed sme 60^ = 1.500. To 

find iT, which is = ft x ^ — sine z, or, in the present case, 
== ;3f — sine Zy since b is equal to 1. The arch z, or 120% be- 
ing I of the drcumference of a circle whose radius is 1, and 
whose circumference is 3.1415927x2, or 6.2831854, will be 
equal to 2.0943950, and the sines of 130°, or its supplement 
60°, is 0.8660254. Therefore 

120° = 2.0943951 
sine 120° = 0.8660254 

;r= 12283697 
If z be made 6°, a? will be = 0.0001108, andy = 0.0038068. 
The numbers ♦r and^ being thus determined, we have only to 
make B K equal to Xy and KDtoy^ in order to find the point 
JD. It may be proper to observe, that the variable number z 
should be taken pretty small both for the cycloid and epicy- 
cloid, as it is only a little portion of these curves that is re- 
quired for the teeth of wheels ; and when several points of 
the curve are determined, the intervening space may be made 
arches of a circle equicurve to the epicycloid at the same point.® 
In the preceding observations, we have ^ven a general view 
of the methods of shaping the acting faces of the communi- 
cating parts of machines, which is all diat we can attempt to do 
in a work like the present. That the engineer, however, may 

^ See Kaestner^s Memoir dt Dentibuw Rotarum, in the Comment* Soc. Reg. 
Gotting. 1782, vol. v, pp. 9, 24. 
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have some idea of the subordinate details to which he must at- 
tend in the actual construction of the teeth of wheels, we shall 
point them out in the case of an ordinary wheel and pinion. 
Plate V. Let FA^BJy be the primitive radii of the wheel 
^^' 29- and pinion, which must always be in the ratio of the 
number of teeth in the one to the number of teeth in the other, 
and these again as the velocities of the axles upon which they 
are fixed. With these radii describe the primitive circum- 
ferences C C D A^ d cda. As the distances between the 
teeth should always be a little greater than the thickness of 
the teeth, and as the number of the teeth must always be a 
whole number, we shall have the following formulae, calling 

T, ^ = thickness CD oi the teeth, 

Dydz= distance C C between the teeth, 

N^n = the number of teeth in the wheel and pinion. 

^ 2 X 3.1416 FA 



In the wheel 



D = 



N 
2 X 3.1416 FA 



— D 



In the pinion 



J'= 



N 
2x3.1416 5^ 



— T 



n 



d= 



2X3.1416 5^ 



— d 



— t 



n 



Upon the radius B A describe the circle B P Ay with which, 
as a generating circle rolling upon C C !> as a base, describe 
the epicycloid C jB, which will be the form of that part of the 
tooth. The point £, where the epicycloid C E cuts the same 
epicycloid D E reversed, determines the summit E of each tooth. 
As the leaves of the pinion must have their epicycloids de, ce 
formed by a generating circle, whose diameter is F A^ rolling 
upon abase whose radius is BAy these epicycloids must, by Case 
III, p. 122, act upon rectilineal or plane surfaces, in order to give 
a uniform motion. Hence the parts C My DN of the wheel, and 
c my dm of the pinion, must be straight lines directed to the 
centres jP, B. In order to determine the points tw, w, describe 
a circle E E from F asa centre passing through the summits of 
the teeth, and let P be the point where this circle cuts the pri- 
mitive circumference c' c d, and Q the point where it cuts the 
generating circle B QCy and we shall have cm =dn = B P — 
BO; or a circle B QR^ described with the radius B Q, will 
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mark out all the points m, n for every tooth of the pinion, and 
therefore determine the size of what has been called ihejlahks 
cm^dnoi the teeth. The epicy cloidal face AG oi the tooth, in 
conducting the flank JR of the pinion into QA, passes from 
the position AG to the position Q Q', so that AQ^=:AQff and 
then the radius JS Q ^' will (by Case III, p. 1S2) be a tangent 
to the point Q. The tooth will stiU act upon' the flank beyond 
this position, and will finally quit it at the point P. When the 
flank BA has arrived at BA\ another tooth of the wheel should 
begin to act upon another flank of the pinion. 

The size of the flanks CM, DN, of the wheel FjI, are 
determined in the very same manner. 

The form of the curve m s must ob^ously be the line which 
the point G of the tooth A G describes upon the plane of the 
wheel By when both are in motion. This curve may be shewn 
to be a prolate epicycloid, whose generating circle has a radius 
equal to FA, and a base whose radius is B A. In like man- 
ner, the curve MN will be a prolate epicycloid, whose gene- 
rating circle has B A for its radius, and whose base is a drde, 
v(dth a radius FA.^ The application of this curve to the hol- 
lows of the teeth, is not of any importance with regard to their 
mutual action. It determines only the path of the point of the 
teeth ; and in this way we know exactly how great a hollow tp 
cut out, in order thj^ the te^th may have the greatest possible 
degree of strength, no more being excavated from their base 
than is absolutely necessary. 

The following Table of pitches of wheels in actual use in 
mill work, was drawn up by the late Mr. Robertson Buchanan, 
civil en^neer, and will be found of great use to the practical 
mechanic. The arrangement only has been altered. 



9 See Edinhurgk SfuydoptBiim^ vol. ix, p. 180, Art. Efi^dUdM^ where the for- 
mation of prolate and curtate cycloids is described. The veiy same is applicable to 
ihe epicjddd. See Hachett^'s Traki EUmentaire des Machhictf p. 290. ^ot a 
demonstration that this curve is a prolate epicycloid. 
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T(Me of Pitches of Wheels in actuai Use Hi Mill-work. 



K&tiire of the 
MtuihmeTj'.. 



Horse-mill, •••... 1 
Wrt^-mill,....,.. .1 
Water-wheel w^ ... 5 
Wiitel%Wheel^« ».. l6 
TVatelr-wheeH .... 15 
Winter-wheel,',... 30 
S^m.£'ngtne,^.:^4 
PU^, ditU),^.... 6 
iMtto, ditto,«.... 10. 
Ditto,. aietb/....10 
DittO) dit^y..,.«»l 
t)itt^, &*o» 1 



J 




Steam Engine,'!' iv 

byB.&W.j 

Steam Engine,... ^0 
Steum Bogine^ \ » . 



_i I */ r** ^r . M 

I^ittP> ditto, B2 

Dift«9> ditto,.....* 46 



. 1 The only defect in this gecrlM, which ha^ been 16 years at workj is the want 
of bre4ddi in the spunwhi^ aria pitiioh : they ought to have been 6 inches or 
paorer as th^ will n^t Jk^C half m long as thfe bevel-wheels and, pinions Connected 
with them. 

'* Has been 16 yeafi* at ^orL The teeth were much worn. 

' Has been 16;ye^)» Rtypdrk.. This: geezsng. was found rathe? too.nairoir for 
ihe strain, as it is wearing much faster than the rest of the wheels in the same 
milL 

^ Ij'his wheel hatwopdeo teeth, and hasi Msm .wcvking for three years.. 

« Ditto. 

« This is a better pitch for the powet than the following. 

' = This pitch has been found to be too fine. 



Eojplanation of ihe Table of Wheels actually used in MiUwork. 

The wheels are all reduced to what may be called one deno- 
mination, — 

1*^, By proportioning all their breadths to what they should 
be to have the same strength, if the resistance were equal to the 
work of a steam-engine of ten horses' power. 
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2i%, By supposing their pitch-lines all brought to the same 
velodtyof three feet per second, and proportioning their breadths 
accordiDgly. This particular velocity of three feet per Becond 
has been chosen, because it is the velocity very common for 
overshot wheels. 

Such cases as appear to have worn too rajndlj, arc marked, 
which may tend to discover the limit in point of breadth. 

The following table of pitches of wheels was drawn up by 
Mr. John Roberton, en^eer, and is constructed in the follow- 
ing manner !-^ 

7^ thickness of the teeth in each of the lines is varied one 
tenth of an inch, 7%e hreadik of the teeth is almiys four dmes 
as much as their thickness. The strength of the teeth is ascer- 
taioed hy itiultiphfing the square of their thickness into their 
breadth, tsiken '\n inches and tentha, &c. The j»fe^ is found Inf 
mult^jb/iftff the titickness of the teeth fiy 8, 1. The number 
- that represents the strength of the teeth, will also represent the 
number of horses' power, at a velocity of about four feet pep 
second. Thus in ^e table where the pitch is 3.15 inchee, ike- 
thickness of the teeth 1 .5 inchegi and the ireadth 6. iiu^s, the 
strength is valued at 13^ horses' power, with a vdocky ofjbur. 
etper gecond at the pitch lino. 

Tabu of Pitcliet nf Ffiftl*, mith the breadth and tlidcattt af ike Tttth, and (X« 
CMTeajMRiIine nun&n- ef hortei' powtr, moving at the piUA tixe at lit rate tf 
Uartefat, »f four fid, oftixfiet, itnd ^dgttfcei per teami. 
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CHAP. III. 

ON THE MATURE OF FRICTION, AMD THE METHOD OF DIKI- 
MISHIMG ITS EFFECTS IM MACHINERY. 

The term friction in mechanics, is employed to denote the ob- 
struction to motion which arises from one surface rubbing 
upon another. If we place a heavy body upon a surface per- 
fectly level, it is not in a state of equilibrium between all the 
forces which act upon it, otherwise it would move by the ap- 
plication of the smallest force, in a direction parallel to the 
plane. Its friction upon the level surface is the unbalanced 
force which occasions this want of perfect equilibrium; and 
if a new force, of equal magnitude, is applied so as to balance 
that force in any given direction, the body will obey the least 
impulse in that direction, and the force thus employed will be 
an exact measure of the retarding force of friction. ^* Friction,'^ 
a» Mr. Playfair has justly remarked, " destroys, but never 
generates motion, and in this is unlike gravity, or any of the 
forces hitherto considered, which, if they retard motion in one 
direction, always accelerate it in the opposite."" " Though fric- 
tion destroys motion, and generates none, it is of essential use 
in mechanics. It is the cause of stability in the structure of 
machines, and is necessary to the exertion of the force of ani- 
mals. A nail, or screw, or a bolt, could give no firmness to the 
parts of a machine, or of any other structure, without friction. 
Animals could not walk, or exert their force anyhow, without 
the support which it affords. • Nothing could have any stability 
but in the lowest possible situation ; and an arch which could 
sustain the greatest load, when properly distributed, might be 
thrown down by the weight of a single ounce, if not placed with 
mathematical exactness at the very point which it ought to oc- 

The resistance which friction generates in the communicating 
parts of machinery is so powerful, and the consequent defalca- 
tion from the impelling power is so great, that a knowledge of 
its nature and effects must be of the highest importance to the 
philosopher and the practical mechanic. The theory of me- 
chanics must continue imperfect till the nature and effects of 
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frictioii are thoroughly developed, and their performance must 
be comparatively small, and the expense of their erection and 
preservation comparatively great, till some effectual method is 
discovered for dilninishing that retardation of the machine^s ve- 
locity, and that decay of its materials which arise from the at- 
trition of the connecting parts. The knowledge, however, 
which has been acquired concerning this abstruse subject has 
not been commensurate with the labours of philosophers, and 
the progress of other branches of mechanical science ; and those 
contrivances which ingenious men have discovered for diminish- 
ing the resistance of friction, have either been overlooked by 
practical inquirers, or rejected by those vulgar prejudices which 
prompt some of the mechanics of the present day to persist in 
the most palpable errors, and neglect such maxims of construc- 
tion as are authorized both by theory and experience. It may 
be proper, therefore, in a work like this, to give a summary 
view of the opinions o( diflferent philosophers upon tlie nature 
of friction, and the means which may be adopted for diminish- 
ing its effects. 

M. Amontons was the first philosopher who favoured us with 
any thing like correct information upon this subject. He found 
that the resistance opposed to the motion of a body upon a ho- 
rissontal surface was exactly proportional to its weight, and was 
equal to one third of it, or more generally to one third of the 
force with which it was pressed against the surface over which 
it moved. He discovered also that this resistance did not in- 
crease with an increase of the rubbing surfaces, nor with the 
velocity of its motion.* 

The experiments of M. Bulfinger authorised conclusions si- 
milar to those of Amoirtons, with this difference only, that the 
resistance of friction was equal only to one fourth of the force 
with which the rubbing surfaces were pressed together.* 

This subject was also considered by Parent, who supposed 
that friction is occasioned by small spherical eminences in one 
surface being dragged out of corresponding spherical cavities in 
the other, and proposed to determine its quantity by finding 
the force which would move a sphere standing upon three equal 



* Mem. de VJauL Par. 1699, p. 206. Ainonton*s experiments were confirmed 
by Bossut and Belidor. Set Architect, llydrauliqw, vol. i, chap, ii, p. 70. 
' Comment. Peirapd. torn, ii, p. 40. 
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spheres. This force was found to be to the weight of the 
sphere as 7 to 20, or nearly one third of the sphere^s weight' 
In investigating the phenomena of friction, M. Parent placed 
the body upon an inclined plane, and augmented or diminished 
the angle of inclination till the body had a tendency to move ; 
and the angle at which the motion commenced, he called the 
angle of equilibrium. The weight of the body, therefore, will 
be to its friction upon the inclined plane, as radius to the sine 
of the angle of equilibrium, and its weight will be to the fric- 
tion on a horizontal plane, as radius to the tangent of the angle 
of equilibrium.^ ^ 

The celebrated Euler seems to have adopted the bj^thesis 
of Bulfinger respecting the ratio of friction to the force of pres- 
sure ; and in two curious dissertations which he has published 
upon this subject,^ has suggested many important observations, 
which have been of great use to future inquirers. ^ He observes, 
that when a body is in motion, the effect of friction will be only 
one half of what it is when the body has begun to move ; and 
he shews that if the angle of an inclined plane be gradually in- 
creased, till the body which is placed upon it be^ns to descend, 
the friction of the body at the very commencement of its mo- 
tion will be to its weight or pressure upon the plane, as the sine 
of the plane'^s elevation is to its co-sine, or as the tangent of the 
same angle is to radius, or as the height of the plane is to its 
length. But when the body is in motion, the friction is dimi- 
nished, and maybe found by the following equation J^= Tan. 

a 1 /^/>Qg in which F is the quantity x)f friction, the 

XOO<vO 71/ ft cos* Ct^ 

weight or pressure of the body being = 1 ; a the angle of the 
plane's inclination, m the length of the plane in 1000th parts of 
a Rhinland foot, and n the time of the body's descent. Respect- 
ing the cause of friction, Euler is nearly of the same opinion 
with Parent ; the only difference is, that instead of regarding the 
eminences and corresponding depressions as spherical, he sup- 
poses them to be angular, and imagines the friction to arise from 
the bodies ascending a perpetual succession of inclined planes. 



' Recherches dt Matkemaiique et Ph/aique, 1713, torn, ii, p. 462. 

* Mem, de PAead, Par, 1704, p. 174. 

* The first is entitled, Sur le frottement dea Corps aolides^ and tlic other, Sur la 
diminution de la resistance du frottement, published in the Mem* de VAead. Berlin, 
ann. 1748, pp. 132. 133. 
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Mr. Pergudon found that the quantity of friction was alwa3rs 
proportional to the weight of the rubbing body, and not to the 
quantity of surface, and that it increased with an increase of 
velocity, but was aiiot proportional to that increase. He found 
also that the fnction of smooth soft wood, moving upon smooth 
soft wood, was equal to | of the weight ; of rough wood upon 
rough wood ^ of the weight; of softwood upon hard, or hard 
upon soft, ^ of the weight ; of polished steel upon poHshed 
steel ortpewter i of the weight ; of polished steel upon copper J, 
and of polished steel upon brass ^, of the weight.*' 

The Abb^ NoUet^ and Bossut® have distinguished fnction 
mto two kinds ; that which arises from one surface being drag- 
ged over another, and that which is occasioned by one body 
rolling upon- another. The circumference of a wheel rolling on 
the ground is an example of the first of these, and the friction 
of the axle of a, wheel in motion is a combination of the two 
kinds of friction. M. Bossut agrees with Amontons in his opi- 
nion, that an increase of surface does not occasion an increase 
of friction. He took a rectangular parallelopiped of wood, 
weighing 51 lbs. and having dragged it over a horizontal table, 
and loaded it with different weights, he found, that though one 
of its surfaces was jftve times greater than the other, the same 
force was capable of putting the body in motion, whether it 
rested on the large or the small base. Muschenbroek^ and 
other writers, maintained that the friction increased with the 
surface. 

Bossut has noticed two very important facts, viz. tliat the 
friction is affected by the time in which the surfaces remain in 
contact, and that it does not follow exactly the ratio of the 
pressures. He found that when the surfaces had been for 
some time in contact, their friction increased either in conse- 
quence of a greater number of eminences having entered into 
the corresponding cavities from a continuance of die pressure, 
or from some physical cause which united the two surfaces more 
firmly together. Bossut likewise noticed, that in large masses 
the friction is a less part of the pressure than in small masses ; 
but he does not seem to have observed, that this arose from the 



« TabJes and Tracts, edit. 2d, p. 289. 

7 Nollet, Lecons de Physique, torn, iii, p. 231, ed. 1770. 

« Traitc Elementaire de Mecanique, par Bossut, § 306-7* 
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greater velodty which the mass derived from its magnitude. 
" Ship-builders,*" he obserVes, " give only a dedivity of from 
10 to 12 lines in a foot to the inclined planes upon which ves- 
sels are launched. But this declivity, which is sufficient for 
putting large masses in motion in spite of the re^tance of fric- 
tion, is too small for weights of a moderate size.^ Bossut, 
however, seems to have suspected, that friction might diminish 
as the velocity increased, when he says, ^^ that if it happens on 
one hand, that in proportion as the velocity increased, there are 
more points to disengage, or more springs to bend ; yet it may 
happen^ on the other hand, that this same velocity does not give 
to the pressure time to permit the points to enter the cavities so 
deeply as they would be alJowed to do if the velocity were less. 
But a diminution of this depth ought to produce a diminution 
of friction.® 

I^^gggj^ qI The subject of friction has more lately occupied 

Yinoe't ex- the attention of the learned Mr. Vince of Cam. 
^*™**'^ bridge. He found that the friction of hard bodies 
in motion is an uniformly retarding force, and that the quan- 
tity of friction, considered as equivalent to a w^ght drawing 

MXWXS, 

thebodybackwards, isequalto jSf r^ where 2f is the 

moving force expressed by its weight, W the weight of the 
body upon the horizontal plane, S the space through which the 
moving force or weight descends in the time t and r = 16.087 
feet, the force of gravity. Mr. Vince also found that the quan- 
tity of friction increases in a less ratio than the quantity of mat- 
ter or weight of the body, and that the friction of a body does 
not continue the same when it has different surfaces applied to 
the plane on which it moves, but that the smallest surfaces 
will have the least friction.^ 

Experimentf Notwithstanding these various attempts to unfold 
of Coulomb, the nature and effects of friction, it was reserved 
for the celebrated Coulomb to surmount the difficulties which 
are inseparable from such an investigation, and to give an ac- 
curate and satisfactory view of this complicated part of me- 

» Traiti de Mecanique, Part I, chap, iv, § 1, p. 178, edit. 1802. These ob- 
servations of Bossut were first published in 1763, and with some slight additiooa in 
1776, before the appearance of Coulomb's Reaearchet. 

* PhUo9ophical TroMactwnty vol. Ixxv, p. 167. 
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chanical philosophy. By employing large bodies and pon- 
derous weights, and conducting his experiments on a large 
scale, he has corrected several errors which necessarily arose 
fiom the limited experiments of preceding writers; he has 
brought to light many new and striking phenomena, and con- 
firmed others which were hitherto but partially established. 
As it would be foreign to the nature of this work to follow 
Coulomb through his numerous and varied experiments, we 
shall only present the reader with a general abstract of the new 
.and interesting results which they authorise.^ 

The apparatus which M. Coulomb employed in his experi- 
ments, consists of a solid table (Plate VI, Fig. 1), sustained 
by legs of great strength. The plank cc' dd' (Fig. 1,) and 
dd' (Fig. 2), of which the table is formed, is 8 feet long, 2 feet 
wide, and 3 inches thick. Upon this table are placed two 
pieces of oak A B, A' B% 1^ feet long and 8 inches thick, lying 
in the direction of the table's length, and three inches distant 
from one another. In the space between the two extremities 
JS, JJ' of these pieces is placed a pulley -ff, of very hard wood, 

1 foot in diameter, and weighing 14 lbs. This pulley turns 
upon an axis of green oak 10 lines in diameter A cord, attach- 
ed to a sledge S (Fig. 2), which runs upon the table, passes 
over this pulley and suspends a scale P (Fig. 1), for containing 
weights, which can descend into a pit O 4 feet deep, cut out 
beneath the pulley P. At tlie other end A A' of the pieces of 
wood AB^ A' B\ is placed a small horizontal wheel and axle, 
with levers Z', L. Another plank aa' b b\ 8 feet long, 16 
inches wide, and 3 inches thick, is firmly fixed upon the pieces 
of wood A B, A[ B\ its upper surface being very carefully 
planed. Upon this plank, sledges of the form shewn in Fig. 2 
No. 1, and Fig. 2 No. 2, are made to slide. ABDC (No. 1) 
is a plank 18 inches wide, but of variable length. Beneath 
this plank are nailed two pieces A Cm m\ B Dnn', so that 
when the sledge is placed upon the fixed plank aa^ b b\ it 
may be retained on both sides by these pieces, with a play of 

2 or 3 lines, in order that it may follow mthout any obstruction 

* A full accoont of Coulomb*8 experiments may be seen in the Journal de Phy' 

8ique for September and October 178d, vol. xxvii, pp« 206 and 282, &c. An ex- 

. cellent summary of them may also be found in Van Swinden's Pontumea Pkysias* 

They were originally published in the Memoirea dea Savant Etrangera, torn, x, 

p. 163, and obtained the double prize offered by the Academy in 1779 and 17^2. 
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the direction of the plank. When it is required to diminiph the 
touching surfaces, other pieces of different widths are nailed 
upon the plank AB DC^ and their ends rounded for receiving 
the nuts, in order that they may not rub upon the plank* 
The two hooks h^ h\ seen in No. % as fixed ta the two .ex- 
tremities of the sledge, are used, the one for attaching the oprd 
which suspends the pulley P, and the other for fixing the cord 
which goes round the wheel and axle, which is employed fqr 
bringing back the sledge to the side A A' of the apparatus. 

In some of the experiments a steelyard a b (Fig, S) was em- 
ployed, and a variable weight obtained by shiftily,, the weight 
P to or from the fulcrum above a. 



1. Friction of one Wood upon awo^A^r.— When the bodied 
rubbed upon one another in the direction of the ^fibres j after they 
had remained in contact for one or two minutes, he obtained 
the following average results :— 



Oak against oak 
Oak against fir 



Friction in psrta 
of the weight. 

1 



2.34 
1 

1.50 



Fir agaiiist fir 
£Im against dm 



Friction in paits- 
ctfthewkglht. 



1.78 
1 

2.18 



When oak rubbed upon oak, and when the touching surfaces 
were reduced to the smallest possible dimensions, the friction 



was 



2*3 6 



9 2-439 2*40* 



When the friction was across the grain^ or €tt right angles to 
the direction qftheJUres^ Oak against oak was ~^» 

The preceding ratios are constant quantities, whidi do not 
depend upon the velocities, excepting in the case ofielm, when 
the pressures are very small, for in that case theiriftion sensi* 
bly increases with the velocity. 

2. The Friction increases with the ti/me of Coniact-'^When 
wood was moved upon wood in the direction of the fibres, tte 
friction gradually increased, and reached its maximum in 8 or 
10 seconds. When the friction was across the grain of the 
wood, a longer time elapsed before it reached its niaximtim. 

8. Friction of metals upon metals after a certain time qf7'est. 
—The following experiments were made with two flat rulers of 
iron 4 feet long and 2 inches wid^, attached to the fixed plank 
of the apparatus. Other four rulers, two of iron and two of 
brass, 15 inches long, and 18 lines wide were also used. All 



. 
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the angles of these rulers were rounded off, and the rubbing 
surfaces of the rulers were 45 square inches. 



Pressure. 

Iron upon T ^^ ^^^ 
iron j ^ 



453 



Friction in 

parts of the 

preaauie. 

J_ 
3.5 
J_ 

3.6 



Prenare. ' 
Ironupon f^^lbe. 



452 



Friction in 

paitBof the 

pressure. 

J- 
4.2 

4.1 



m 

In these experiments the friction is nearly the same in each 
set, although the pressures are to one another nearly as 9 to 1. 
Hence it follows, that in metals, the friction is independent of 
the extent of the rubbing surfaces. Coulomb found also, that 
in this case the friction is independent of the velocities. 

The ratio of 4 to 1, between the pressure and friction in the 
case of iron moving upon brass, must not be considered as exact 
unless in the case when the surfaces are new and very large. 
When the surfaces are diminished till they become very small, 
the ratio varies from 4 to 1 to 6 to 1, but it does not reach this 
last rado unless when the friction has been continued for more 
than an hour, and when the iron and brass have taken the 
highest polish of which they are susceptible, free of all scratches. 

4. Friction of Oak upon Oak when greased with TaJlow, and 
the Tallow renewed at every experiment. 



Oak 

against 
oak 



Pressure. 



3250 pounds 
1650 ... 



850 



Friction in 

pfutsof the 

pressures 

1 

27.6 
1 



25.8 
I 

23.6 



Oak 

against 
oak 



Pressure. 



450 pounds 
250 ... 



50 



Friction in 

parts of the 

pressure. 

1 

21.5 
1 



18.5 
1 

7.7 



. The very remarkable increase of friction which takes place 
ih the preceding results by a diminution of pressure, is as- 
cribed by Coulomb to the cohesion of the parts of the tallow, 
and to the extent of the rubbing surfaces. If this cohesion is the 
principal cause, then it is obvious that the constant resistance 
which it produces must have had very little effect in Exp. 1^^ ; 
and therefore Coulomb regards the ratio of ^^ as expressing 
the real relation between the friction and the pressure in all the 
rest, but particularly in Exp. 6^A. Since the friction, therefore, 
plits the cohesion, gives a resistance of 6.5, with a pressure of 
50 lbs. or a friction of —^^ the resistance is composed of a fric- 
50 lbs. 



tion = 



27.6 



- or 1.8 lb. and of a cohesive force = G,5 lb. 
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1.8 =: 4.7 lb. Taking the even number 5 lbs. as a measure of 
this cohesion, we shall have 2.83 for the mean and approximate 
value of the ratio of pressure to friction, when corrected, for the 
resistance arising from the cohesion of the tallow. 

When the touching surfaces were reduced from their original 
magnitude of 180 square inches, to one sixth or about 30 square 
inches, the preceding ratio of —7 is reduced to -^ or /,. The 
velocity appeared to have an influence on the results in this 
kind of friction. 

5. Influence of the time of contact upon the Friction of Oak 
upon Oaky when greased with tallow renewed ai every expert^ 
ment In the following very interesting experiments, the sur- 
face of contact was 180 inches. 



Pxeasuie. 



'r:».A *»r Friction in 
^^5«f pttttofthe 



47 pounds, 



1650 pounds, 



minutes 
4 minutes 

2 hours 

seconds 

3 seconds 
15 seconds 

1 minute 

4 minutes 

2 hours 
6 days 



1 



7.7 
1 

5.87 
1 

5.25 
1 

25.8 
1 

10.3 
1 

7.0 
1 

5.82 
1 

6.29 
1 

3.65 
1 

2.65 



Pressure. 



3250 pounds, . 



liSl? parts of the 
contact. *^reaBiiie. 

seconds 

3 seconds 
15 seconds 

1 minute 

4 minutes 

1 hour 

2 hours 



5 days • 



27.O8 
1 

10.16 
1 

9.16 
1 

IW 
I 

5.48 
1 

3.7 
1 

3.53 
1 

2.66 
1 

2.09 



In the preceding experiments the tallow was new, but in the 
following it had been laid on, and used for some time, and was 
not renewed during the experiments. 



Presnire. 



2310 pounds, 



5810 pounds, 



Ti^^ ^ Friction in 
^SSlf P«rt»ofa.e 
pressure. 

minutes 



2 minutes 

1 hour 
IG hours 

minutes 

2 minutes 



12.3 
1 

5.9 
1 

5.12' 
1 

4.5 
1 

11.57~ 
1 

7.35 



Pressure. 



t:«,« «f Friction in 

Time of parts of the 

contact. '\r-L-«.«r 
«A«uiAvw pressure. 



5810 pounds. 



4 minutes 
9 minutes 

2G minutes 
1 hour 

16 hours 



1 

1 

6.12 
1 

5.6 
1 

4.9 
1 

3.U 



'' W T"— 



^--■""l 
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6. FricHon of Iron vpon Brcus, and Iron upon Iron, when 
greased. 



Pressure. 



Time of 
contac t 



BRASS UPON IB02^ 

Friction in 



50 pounds, 



450 pounds,- 



minutes 
4 minutes 
30 minutes 
minutes 
4 minutes 
2 hours 



l>arts of tiie 
pravure* 

1 



8.33 
1 

7.14 
1 

7.14 
1 

10.7 
1 

9.37 
1 

9.37 



Pressure. 



Time of 



1050 pounds, 



minutes 

3 minutes 

4 hours 
4 dsjs 



Friction io 

parti of the 

pl ea s u re. 

1 



11 
1 



10.4 
1 

9.8 
1 

9.8 



I 



The excess of the friction under a pressure of 60 lbs. obviously 
arises from the cohesion of the tallow, which amounted to 1^ 
pounds ; making the friction ^^ when the time of contact was 
O^ and 9.6 when it had reached its maximum. 

The following experiments were performed under different 
circumstances. 

In order to prepare the metals for these experiments, which 
was found absolutely necessary before regular results could be 
obtained, they were first polished as highly as possible, and 
after being greased with oil or tallow, they were attached to the 
sledge,' and made to rest upon one another under a great pres- 
sure for half an hour, the grease being, from time to time, re- 
newed, till it had penetrated the pores of the metal, and thus 
given the rulers a degree of polish which they could not have 
received by any other means. The friction was at first uncer- 
tain, but became more regular as the polish increased. 

By this operation the grease penetrates the pores of the metal. 
The size of the rulers and the touching surfaces were the same as 
in Art. 3, p. 155, the velodities of the sledge being imperceptible, 
or below an inch in a second. The following were the results : 



Iron upon 
iron. 



1 



Iron upon 
brass. 



PreMuze. 



53 pounds 

443 ... 

1653 ... 

Otj ... 

443 ... 

1653 ... 



Friction in 

parts of the 

pressure. 

1 

6.2 
1 



10.1 
1 

10.3 
1 

8 
1 

10.7 
1 

U 



Pressure. 



Iron upon 
brass, when 
the grease 
was not re- 
newed, 



1 



53 pounds 
443 



1653 



FrietioQ in 

parts of the 

pressure. 

1 



8 
1 



ai 
1 

7.9 
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The ratio between the pressure and the friction depends, in 
these experiments, on the nature of the unguent and the velo- 
city of the sledge. By greasing the metallic plates with tallow, 
the friction diminishes greatly under great pressures, in propor- 
tion as the velocity augments. In one of these experiments, 
when the velodty of the sledge was one Jbot ma second^ the 
friction of the sledge under a pressure of 1652 pounds was more 
than one-third less than when the velocity was insen^ble, or 
even one inch in a second. 

When die velocities are insensible, and the pressure is great, 
the ratio of the pressure and the friction is for 

Iron against iron, greased with tallow, - - j^^^ 

Iron upon brass, greased with tallow, - • ^^ 

Iron upon brass, greased with tallow, and isifterwards \ \ 
with oil, - - - - ) ^' 

When the plates are greased with tallow, this ratio is less under 
a pressure of 62 lbs. than under one much greater. This arises 
from the cohesion of the tallow, which opposes under all pres- 
sures a constant resistance proportional to the area of the sur- 
faces. This constant resistance, whidi is not perceptible but 
under small pressures, may be estimated in the same manner as 
in Art. 4, p. 155. When olive oil is used, the cohe^on may 
be considered as nothing. 

When the surfaces are rubbed with hog'*s lard, the friction 
was never less than J of the pressure. The re^stahce depends 
always on the consistence of the grease, and the friction in- 
creases as the grease is more sbfl. . 

When the surfaces are greased with tallow, and have a large 
areir^ the friction alters the nature of the tallow, and it increases 
sensibly in proportion as the experiments are continued without 
renewing the grease. It is, however, always less than J of the 
pressure. When the unguent is oil, and the surfaces very small, 
this effect is less perceptible. 
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7i Friction of Iron upon Oak. — When iron moved upon oak 
the following were the results :— 



Pressure— 53 pounds. 



Time of 
contact* 

^ afiecond, 
30 BecoDcLs, 
60 seconds, 

1 hoar, 

4 dftys, 



Friction in 

parts of the 

pressure. 

1 

10.6 
1 



10.1 
1 

a.1 
1 

5.89 
1 

6.3 



Pressure— 1650 pounds. 



Time of 
contact. 



^ a second, 
10 seconds, 
80 seconds^ 

4 hours, 
16 hourst 

4 d^ys, 



Friction ia 

parts of Che 

pressure. 

1 

13.2 
1 



12.7 
1 

11.36 
1 

a.26 
1 

6.9 
1 

4.66 



Hence it appears, that in wood rubbing upon metals, the 
fricdori does not reach its maximum till after a long time. 

Wh^n brass rubbed against oak^ results analogous to the pre- 
ceding were obtained. The increase of the friction, however, 
relative to the time, was more slow than in iron ; and when it 
reached its maximum, the ratio was ^j. 

When the velocity was insensible, and the bodies not greased, 
the following were the results :— 



IBOK UPON OAK. 



Pressure. 
~ 63 pounds 
453 ... 



Friction In 

parts of the 

pressure. 

TOT 



12.9 



Pressure* 



853 pounds 
1663 ... 



Friction in 

parts of the 

pressure. 

1 

12.7 
1 



13.2 



From these results, it a{^ars that in the first degree of ve- 
locity the friction of iron upon oak is nearly ^^ of the pressure. 

When the sledge had the velocity of one foot per second, the 
following were the results : 



Pressure. 
53 pounds 
453 ... 



FrictifHiin 

parts of the 

pressure. 

"5l9~ 
1 



5.8 



Pressure. 
853 pounds 
1653 ... 



Friction in 

parts of the 

pressure. 

1 

6.6 
1 



6.3 



From which it follows, that the friction has greatly increased 
with the velocity^ that it is nearly constant for the same velocity 
whatever be the pressure, and that when the frictions increase 
in an arithmetical progression, the velocities increase in a geo- 
metrical progression. Coulomb also found, that under the same 
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pressure, and with the same velocities, the friction is nearly the 
same for large and small surfaces. 

7. Friction of Iron and Copper on Oak when greased with 
ToUow. — ^When the metals rub upon woods greased with fatty 
bodies, the friction is greatly diminished, and small velodties 
are produced with less force tlian in almost any other species of 
friction ; but when the velocities are increased, the friction aug- 
ments greatly with the velocity, as in the rubbing of dry metals 
upon wood. The following were some of the results in very 
small velocities : 



Oak upon iron 
Oak upon brass 



1650 pounds 
1650 



Friction in 

ptttsofdie 

pressure. 

1 

35.1 
1 



47.1 



In experiments of this kind, care must be taken to remove 
the grease, otherwise it acquires consistence, and the resistance 
sensibly increases. As a proof of this. Coulomb caused the 
sledge, when furnished with plates of brass, to move 15 times 
over the fixed oaken plank without renewmg the tallow. The 
force of friction was triple that which was employed to give 
the sledge an insensible velocity when the coat of tallow was 
new. The velocity of the sledge diminished at every trial, and 
at the 15th it ceased to move. Hence it follows that the tallow 
is actually injurious, or increases the friction when the surfaces 
move a long time without the tallow being renewed. 

8. Friction of Iron upon Oak when greased^ and when the 
Surfaces are very smaBy and the Friction across the Grain of 
the Wood. — When the surfaces were covered with tallow, and 
were afterwards wiped, in order to be merely greasy, the fol- 
lowing were the results : 



Iron upon 
oak 



Presnire. 
47 pounds 
447 ... 
1647 ... 



Friction in 

parts of the 

prefisuie. 

1 

13.4 
1 



14.9 
1 

14.3 



These results were nearly the same, whether the surfaces 
were well tallowed or merely unctuous; and therefore it fol- 
Jows, that in this kind of friction, which is analogous to that of 
axles of iron turning upon wood, the ratio of the pressure to 
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the {nction is constant, and is not much influenced by the ve- 
locitj. 

9. Friction qfOcic npon Oak when the Surfitces are in mO' 
tion.'-^In order to examine this kind of friction. Coulomb 
caused the sledges, when differently loaded, to move over a 
length of 4 feet, and haying observed the ratio of the times 
employed to describe successively the two halves of this length, 
he regarded the force of friction as a constant force during the 
continuance of the experiment, and the motion of the sledge as 
uniformly accelerated. He supposes also that the friction ii 
constant, and that it does not vary with {he velocity. 

When oak rubbed upon oak, in the direction of the fibres, 
and without any grease, the following results were obtained : 



OAK TJVOK OAK STIHFACES OVE FOOT saVAEX* 

k 
» 



Preflsuxe in pounds Frictkm in parts 

upon a square foot. oftfaepxeagure. 

26 



PrcMure in pounds Frictioii in parts 
upon a square foot. of the pressure. 

26 ... -g^ 



5.7 
188 ... -A- I 1788 * 



9A fl ^'^ ♦•* 9.2 

291 ... -^ I eeaa * 



9.6 il "• 10.4 

When the touching surfaces were reduced to the smallest 
possible dimensions, so that the sledge rested only on com., 
pressed and rounded angles, the results were, 

OAK VrOH OAK STTHPACES KXDUCXD ALMOST TO LIKEI. 
47 * 
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The velocities in both these sets of experiments being varied 
from nothing to 4 feet in 4 or 5 seconds^ the friction was not 
perceptibly altered. 

Wh^DL the surfaces were very large compared with the preis. 
sures, the friction appeared to augment with the velocities; but 
when the touching surfaces were very small, compared with 
the pressures, the Jriction dimimshed^ or the velocities in- 
creased. In the first experiment of the first of the above tables, 
the friction became greater than jj^ when the velocity was in- 
creased. In this case Coulomb ascribes the variations to some 

vol*. II. M 
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cause if)i:eiga to friction, and depending oa tbe cKtent of 
surfaces ; iuid he seems to tliink that the surfaces ma; 
covered with a sort of down, whidi must be bent diirii^ 
i4atiap of the surfaces. The resistance pn>duced by this d 
is ind^Kodrat of &e cavities and solid parts wbit^ enter 
oag another, and which occa«on a Snetiaa pn^rt^nal tc 
extent of the surface. If this is the cause whii:^ alters iht 
of fnctuH) under SBiall {M-essures, the fnetion oi^^ht also I 
augmented wi^ the velocity, since, under a great velocil 
grater number of the parts which form Uie down ane I 
and this is actually what was found by experiment. 

General BesuUt. — Ftotj the preceding expeiimrate H. i 
lomh has drawn the following general conclusions: 

1. The friction of wood upon wood, when ung^eased, i 
sions, afrer a sufRcient period of contact, a reastance pn 
tJonal to the pressure. This re^tance increases sensib 
the Brst instants of repose, but after some minutes it gent 
reaches its maximum. 

S. When wood, ungreased, moves upon wood, with an; 
locity whatever, the friction is still proportional to the 
' sure, but its inten^ty is much less than that which is i 
rienced in detaching the surfaces aBer some minutes of 
The force, for example, which is necessary to detach twc 
faces of oak after some minutes of rest, is to that necessai 
overcoming the friction when the surfaces have already 
degree of veloaty whatever, nearly as Q.B to 2.2. 

S. The friction of metals sliding over metals, ungreasc 
also proportional to the pressures, but its inten^ty is the 
whether the surfaces detached have been any time at re; 
whether they have recdved any umform velocity whatevet 
4. Heterogeneous substances, such as those of wood) 
metals, sliding upon one another without grease, give for 
friction very difi^pent results from the preceding; for tl 
ten^ty of their friction relative to the time in which they 
continued in contact increases slowly, and does not reai 
maximum till afrer four or five days, and sometimes i 
whereas in the metals it reaches its maximum in an in 
and in wood, after a few minutes. This increase is ev 
slow that the resistance of friction in itisensihle velocit 
nearly the same as that which tates place in moving or di 
lag the surfaces after three or four seconds of rest I 
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motion of wood rubbing upon wood without grease^ and in 
metals moving upon metals, the velodty has very little influ- 
ence upon the friction, but in the present case the fiiction in- 
creases very sensibly in proportion as we increase the velo- 
cities ; so that the fiiction increases nearly in arithmetical pro- 
gression' as the velocities increase in geometrical progresaon. 

' On the Friction ofAwUs. 

The pi'iucipal object of Coulomb in his experiments on this 
subject, was to determine the fiiction of the lodes of machines 
in motion. He employed axes of iron moving in boxes of 
brass. The iron axis was 19 lines in diameter, and had a play 
of If lines in the brass box. The pulley in which the axis 
was fixed was 144 lines in diameter, and its weight 14 lbs. 
Previous to the experiments, the iron axis was made to work 
in llie brass box till the touelung surfaces acqiured the highest 
polish of which they were susceptible. M. Coulomb caused 
the suspended weights io run through a space of 6 feet, and he 
measured separately ia faalf-seoonds the time employed to run 
through the first three feet, and the time occupied in runnii^ 
through the last three feet In this way he obtained the re- 
sults in the following Table arranged by M. Prony : 
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The weights in column 4, which were employed to bend 
the cord, were computed from the numbers in column 5, by 
means of the formulae, and the results of some previous ex- 
periments. The weights in column 4 being subtracted from 
those in column 6, which put the pulleys in motion, give the 
weights actually employed in overcoming the friction. As 
these last weights acted at the end of a lever equal to the 
radius of the pulley, plus the radius of the cord, the friction 
upon the axis may be regarded as equal to the product of 
these weights into the ratio of the sum of the radii of the pul- 
ley and the cord to the radius of the axis, which is nearly 
that of 7 to 1 when the weight is suspended by a thin pack- 
thread, and nearly 7.2 to 1, when it is suspended by the cord 
No. 1. By this method the friction in column 9 was calcu- 
lated. The pressures on the axis in column 8 are obviously 
composed, 1^^ Of the weight of the pulley or cylinder ; 2d, 
Of double the corresponding weight in column 5 ; and Sd, Of 
the weights contained in column 6. The ratio therefore of the 
friction to the pressure in column 10 is the quotient arising 
from dividing column 9 by column 8. 

It appears from experiments 7th, 8th, 9th, 10th, lltli, and 
ISth columns, that the friction of axes of iron in boxes, or 
cheeks of brass, is much less diminished by the cart-grease 
than by tallow. 

M. Coulomb likewise extended his experiments to the fric- 
tion of axles made of the different kinds of wood used in rota- 
tory machines. He used pulleys of 12 inches in diameter, with 
axes three inches in diameter. The axes were sometimes move- 
able, and at other times fixed, though in both cases the friction 
was the same. The levelling surfaces were carefully smoothed. 

lUtioof 
Names of the wood used for th« axki. fHction to 

pmnire. 

1. Axis of hUm. gak numiiig in a box of lignum vits cotted with uUow, 
% JDo. the coating of tallow wq>ed off, and the tutface remaining gieaty, 

3. Do. after being lued several times without renewing the tallow, 



26.8 
1 

16.7 
1 

1«.7 
1 

12,5 

4. Do. running in a box of dm coated with tallow, - - - ^ 

33.3 

h. Do. both axis and box wiped, and the sur&ces remaining greasy, Jl- 

20 

6. Axis of boxwoody and box of Ugnum viUe, coated with tallow, - JL 

23 



166 COULOMJl's KXFB&IM£HT8 tlH. III. 

JBirtioof 
Names of the wood iited for axles. ftictfon to 



7. Do. the coating wiped, and the 9urfiM»B lenuuninig gKWy^ - ■ * - 

6. AJWoC^MnMOflyaDdbozofclii, eottUdwithtallair, - ^. 

9. Do. the oootiDg wiped off, and the suxfiioei remaining greasy, • •— 

10. Axis of troii, and box of Ugnium viUBy the ooathig wiped ofi^ and 1 1 

the pulley twned in mne time, i aS' 

In these experiments the velodty did not appear to influ- 
ence the friction unless in the first instants of lest ; and in all 
^cases the friction was least when the surfaces were merely 
greasy, and not coated with tallow. 

On the Friction and Rigidity qf Rqp^, 

When n rope passes over a cylinder, or over the groove of a 
pulley, whose axis is horizontal, and has a weight suspended at 
each end of it, then it is obvious that if the rope were destitute 
of rigidity, or perfectly flexiUe, the axis of the ropes <m each 
side would be perfectly parallel and vertical. But as every 
rope is sti£P or rigid^ the two branches of it that suspend the 
weights will deviate from the perpendicular. If one of the 
ends of the rope is fixed in such a manner that the first branch 
of the rope is in a vertical direction, and if we suspend, at the 
other end of the rope, a waght IF, which will stretch the se.- 
cond branch of the rope to such a degree as to fcH^ce it into a 
vertical direction, and to bring it in contact with a semicircum- 
ference of the pulley, the weight W may he taken as the mea- 
mre of the rigidity of the rope. 

If the rope, instead of being treated in this manner, has two 
equal weighty, IF, W, suspended at each extremity, and if we 
add to one of the ends an additional weight Wy capable of de- 
stroying the equilibrium of the equal weights, W, W, this 
weight may be taken as a measure of the friction of the rope. 
A small portion indeed of the weight w is employed in over- 
coming the rigidity of the rope ; but it is so small, when com- 
pared with w, that it may be safely neglected. 

The first experiments that appear to have been made on the 
rigidity of ropes,' were those of Amontons, who contrived an 
ingenious apparatus for this purpose. He has published, in 
the Memoirs of the Academy of Sciences for 1699, a table of 
the forces required to bend ropes, founded on the supposition 
that the difficulty of bending a rope of the same thickness, and 



\ 
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leaded mtk the saane weight, << (iecreases wben the diameter of 
the rail^ or puUiey iateteases, bat ni^t so much aft that ditoieter 



Another series of experiments was afterwards made by De^ 
saguliers, {See C&wfse of Natwroi PhUosophyj vol. i, p. 243, 
9AAy $45, &c.) who pttblished a table, ^^ shewing what forces 
were required to bend ropes of different diameters, stretched 
by different weights round rollers of different bignesses.'" The 
gmei^ resuk of these eif p^i^^nts waiSy (hoi the difficulty of 
h&nibng ^ rop0 romid a roSer, i^ ceteris pcunXms inversely as 
tbe dimfeler <>f d«d roli^. 

Ihe eit|»^iBieuts on the ifigidity and friofion of 1*0^ mad^ 
by Cofutoitdl^ Were j^rfona^^ both with the apparatus used by 
Amonttfns, sdid by aitother of his own. It consists of two tres- 
sels % feet high, on which are laid two pieces of square wood. 
On these two pieees are filled two rViler? of ode, well plained, 
and pioIiMied- with fii^skin. With tv^ cylinders of lignum 
vitse, one 6 inches in diameter, add the other S inches ; and, 
with several cylinders of ellttt, fh)m % to IS iiiches in diakheter, 
the apparatus was ready for the experiments. 

In Older to aso^itain the friction of the rollers, they were 
laid on the planks, and a weight oi^ 501bs. was suspended on 
each side of the rollei^, "^i^ very fine and flexible pack-thread ; 
and the widight^ could be inci:^ased in aiiy degree by laying 
additional weights of 501bs. hf di^rent threads, so ai^ to give 
any required pressure to the rc^lers. By adding a counter- 
weight on each side of the roller alternately, till they received 
a motion barely sensible^ Coulomb ascertained the friction of 
the rollers. The following were the results with rollers of lig- 
ntim vitae : 

Pmsure upoa the We^ts -which produ^^d' aft eiticemdy slow 

rollers. motion. 

RolUr of e l«*'didm. RoOif qftUu dioM. 

100 0.61b. 1.6 

hm d.0 9.4 

1000 QAi 16X) 

Hence it follows, ihiat the JHetum of ct^nders rclUfng upon 
horizontal places c6re direcUffoa the pressures^ and imveraely, 
as the diameters of the roUers. 

Coulomb found that greasing the ropes did not diminish the 
frioticHi senably^ - He found also, that rollers of elm had a 
friction about two-fiflhs greater than lignum vita^; and that un- 
der small pressures the friction was rather greater than would 
result from its being proportional to the pressure. 
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The rigidity of ropes was measured in the way akeady de^ 
scribed^ and the following results were obtained. The rollers 
varied from 2 to 12 inches in diameter^ and the pulley ropes 
were used. 





Threadi 
in a yam* 


^Threads 
iiiafdnlad. 


Ciicumftrenoej 


of afoot. 


No.1. 


6 


2 


121 linw. 


44 dn. 
121 


No. 2. 


15 


5 


^ 


No. 3. 


30 


10 


28 


244 



After making a series of experiments in the case of motions 
nearly insendble, Coulomb proceeded to ascertiun the effect 
produced by the rigidity of the cords as changed by the velo-* 
city. With this view, he took a pulley, and a box of copper, 
and an axis of iron, coated with tallow. The pulley was 144f 
lines in diameter, and the axis 20;^ lines, and the cord was No. 
3, the same as that used in the above experiment. The weights 
were made to run above a distance of 6 feet, and the times of 
describing the first three and the last three feet, were measured 
by a half-seconds pendulum. 

The following are the general results of both sets of experi- 
ments :— 

1. The ri^dity of ropes increases, the more that the fibres 
of which they are composed are twisted. 

2. The ri^dity of ropes increases in the duplicate ratio of - 
their diameters. According to Amontous and Desaguliers, the 
rigidity increases in the simple ratio of the diameters of the 
ropes ; but this probably arose from the flexibility of the ropes 
which they employed. 

3. The rigidity of ropes is in the simple and direct ratio of 
their tension. 

4. The rigidity of ropes is in the inverse ratio of the diame- 
ters of the cylinders round which they are coiled. This result 
was obtained also by Desaguliers. 

5. In general, the ri^dity of ropes is directly as their ten- 
sions and the squares of their diameters, •and inversely as the 
diameters of the cylinders rdund which they are coiled. 

6. The rigidity of ropes increases so little with the velocity 
of the machine, that it need not be taken into the account when 
computing the effects of machines. 

7. The rigidity of small ropes is diminished when penetrated 
with moisture ; but when the ropes are thick, their ri^dity is 
increased. 

8. The rigidity of ropes is increased, and their strength di- 
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finished, when they are covered with pitch ; but when ropes of 
this kind are alternately immersed in the sea and exposed to 
the air, they last longer than when they are not pitched. This 
increase of rigidity, however, is not so perceptible in small ropes 
as in those whichare pretty thick. 

9. The nudity of ropes covered with pitch is a sixth part 
greater during frost than in the middle of summer, but this in- 
crease of rigidity does not follow the ratio of their tensions. 

10. The resistance to be overcome in bending a rope over a 
pulley or cylinder may be represented by a formula 



n}uii:i : ill 



of two terms. The first term is a constant quantity inde- 
pendent oi the tension, a being a constant quantity determined 
by experiment, D * a power of the diameter D of the rope, and 
r die radius of the pulley or cylinder round which the rope is 

coiled. The second term of the formula is 7* x , where 

r 

T is the tension of the rope, b a constant quantity, and Dn 

and r the same as before. Hence the complete formula is 

1^ + ^X^:51 = —Xa+Tft. The exponent n of 

the quantity D diminishes with the flexibihty of the rope, but 
is generally equal to 1.7 or 1.8 ; or, as in No. 2, the ri^- 
dity is nearly in the duplicate ratio of the diameter of the rope. 
When the cord is much used, its flexibility is increased, and 
n becomes equal to 1.5 or 1.4.* 

On the Friction and Form of Pivots. 

The needles of compasses are generally suspended upon a 
pivot, by means of caps of agate, or other hard substances. 
The cap has a conical form, terminated above with a small con- 
cave summit, whose radius of curvature is very small. The 
pivots themselves are commonly of tempered steel, but fre- 
quently reduced to the state of a spnng. The point of the 
pivot which supports the cap is a small curve surface, whose 
radius of curvature is smaller than that of the summit of the 
cap. Coulomb generally found, that even when every care was 

* A drawing of the apparatus employed, and tabular iriews of all the drcumstances 
3nd results of the experhnents, will be found in the Edinburgh EneydopieeUaf Art. 
JfecAaiMCf, vol. xiii, p. 599, 600. 
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taken by the artist, tlie curvature of the summit of the eap was 
very irregular^ and that the fnction of an i^te ci^ tumiii^ 
upon the point of a pivot^ was often fi^e or six tilths greater 
than the momenCnm of friction of a highly poliahed agate pknc 
turning on the same pivot 

In Ub experiments on pivots, Coulomb supported tli^ body 
by a higUy polished plane in place of a cap, and having giveir 
it a rotatory motion^ he noted the time emjdoyed in.' makk^ ike 
fofivr m fioe first turns, from a mean of which he obtmned the 
primitnre velocity ; and he next counted the number of tmo& 
which it made before it stopped. The revolving body is ob- 
viously brought to rest by the friction of the point of the pivot, 
a(nd also by the resistance of the air ; but in order to get rid of 
this last resistance. Coulomb gave the body the &rm of a glass 
receiver, and found, that when the velocity was not greafb, and 
•when the receiver weighed 6 or 6 gros (a gros is the eighth of 
an ounce), the resistance of the air bore no sensible ratio to that 
of the frictions 

In order to render the reaidts more certain, he made sevetel 
of the experiments in vacuo by an apparati£» protected fjfom 
currents of air by being placed under a receiver. 

With the apparalius, which consifited of a glass receiver 4. 
inches in fianieter, 5 inches high, and wdghing 6 ou^nees. 
Coulomb obtained the foUis^ing results :— 
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experiment 1. 


4" 


34^if tarns. 


1 

547 


Experiment 2. 


H 


»*t^ 


1 
550 




\\ 


*i% 


I 

557 



By calculating the friction from a formula which he hadprc- 
viously given in the Memoirs of the Academy for 1779, p- 4f&l, 
Coulomb found that the friction of pivots is independent of the 
velocity, and is therefore necessarily proportional to some func- 
tion of the pressure.* 

In order to examine the friction of pivots, when they support 
planes of different materials, M. Coulomb made the following 
experiments. The angle of tlie summit of the pivot which sup- 
ported the planes was about 18 or 20 degrees. 

* The readei will find diis formula and a drawing of the appaiatus in the JEdta- 
hurgli Encydopcedioy Art. Mechanics^ vol. xiii, p. 601. 
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Hence it follows, that Garnet is far superior to the other sub- 
stances for the caps of pivots. 

In order to ascertain the effect produced by giving different 
forms to the pivot of the needle. Coulomb made the following 
experiments, the circumstances being the same as in the pre- 
ceding ones. 



Friction. 



Nature of the 



Augle af piTOt 
iSdeg. 

1 



Aiflleof piTot 
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2600 
_1 

2100 
_1 

1400 
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GameC, 
Agate, 
Glass, 
Sted, 

Hence for a plate of agate we have 

For a pivot of 45"* 

6» 



800 

450 
J_ 

230 



Frictioii. 
1 

nm 
I 

120O 

1 

800 



From these experiments, it appears that in^Yim^^, agate, 
and glasSf under a pressure of 5| gros, the friction increases as 
the pivots become more aciUef and fdlows nearly the same ratio. 
Th^ case, however, is different with steel. In agate and steel, 
ttie frictions upon a pivot of 45"" are nearly equal, being g^^^^ ^ 
for a^te, and ^qj^j^ for steel ; whereas, on a pivot of &" or 7% 
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the frictioD for agate b , J g , and g J ^ for steel. Coulomb ascribe 
this difference to the irregular contexture of metals, and partj 
cularly steel, which he says is covered with an infinity of stnal 
pores, even when it has the finest pt^sh. He conceives, there 
fore, that the increase of friction in the steel arises from th( 
sharp p<»nt of the pivot working in these irr^ular pores. 

When the weight of the needle, or body supported on thi 
pivot, is under 100 grwns, very little advantage is gained b^ 
pving the pivots a greater angle than 18° Mr 20". When thi 
needles are very light, the angle of the pivot should be les 
than 18°. 

As the preceding results are not applicable to all degrees o 
pressure, Coulomb repeated the experiments by varying thi 
weights. He used also a small plane of highly poUshed glass 
and then a plane of garnet, and made tlie angle of the pivo 
about 45°. The fork always weighed Ij gros. 



Witk a Flaae ^ PelMa Glut. 



aPUai*<^GanM. 



It is a remarkable circumstance, that Coulomb found the re 
suits much more regular with glass than either with garnet oi 
agate. Hence, as the iricUon was Ukewise greater, he pre. 
ferred it for the preceding experiments. 

From these experiments. Coulomb has shewn, that the ex- 
ponent of the power of the pressure to which the friction is pro 
portional, is 1.3S3, or |. "* 

The following is a recapitulation of Coulomb's results : 

\»t. The friction of pivots is independent of the velocities 
and has a relation to the pressure. 

Zd, The friction of garnet is less than that of agate, and tha 
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of agate less than that of glass; but the friction of different 
parts of a plane of polished glass b less irregular. 

8dy The angle of the points of j»vots has an influence on the 
fiiction. When the body weighs five or Snx gros^ the best angle 
is from S(y to 45^. When the body weighs less, the angle of 
the pivot may be progressively diminished without the friction 
experiencing any sensible increase. We may even, without 
much inconvenience,' and when the steel is good, reduce it to 10 
and 12 degrees, provided the weight of the body does not ex- 
ceed a hundred gnuns. 

iith. With a pivot of the best steel, well tempered and brought 
to the first degree of steel temper, and having an angle of 45 
degrees, the momentum of fiiction varies as the Jd power of the 
pressure. When the pressure was very considerable, and the 
pivot shaped to any angle, the friction varied nearly as the 
pressure. 

Bthy All the caps which Coulomb procured from the best 
workmen, appeared to be very irregular in thdr concavity. The 
momentiun of their fiiction, under pressiures of even more than 
five or six grains, is always much more considerable, and some- 
limes triple and quadruple of that of a well-polished plane of 
the same substance ; and in order to support these caps, it is 
necessary that the points of the pivots be shaped to an angle less 
than that which is necessary to support planes. 

On the Methods of diminishing Friction in Machinen/, 

The experiments above detailed will furnish the practical me- 
chanic with various rules respecting the nature and form of the 
materials which should form the supports and the communi* 
eating parts of machines, respecting the nature of the unguents 
which should be applied to them, and the mode of their appli- 
cation. 

The most efficacious contrivances for diminishing friction 
are friction wheels^ by means of which, tjbat species of friction 
which arises from one body being dragged over another, is 
changed into that which arises from one body rolling upon an- 
other. Friction wheels are nothing more than two wheels having 
their planes nearly touching each other, and the distance of their 
axes a little greater than their radius. The axle whose friction 
b to be relieved, is then placed in the angle formed by their 
circumferences. 
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When the tnoving force is not exerted in a perpendicular di* 
rection, but obliquely as in undershot wheels, the gudgeon wSl 
press with greater force on one part <^ the socket than on any 
other part. This point will evidently be on the nde of the bud^i 
opposite to that where the power is applied ; and its distance 
£rom the lowest point of the socket, which is supposed circular 
and concentric with the gudgeon, being called ^, we shall hare 

tang. 07 =: — , that is, the tangent of the arch contained be- 
tween the point of greatest pressure and the lowest point of the 
bush, is equal to the sum of all the horizontal forces, divided 
by the sum of all the vertical forces and the weight of the wheel, 
H representing the former, and V the latter quantities. The 
point of greatest pressure being thus determined, the gudgeon 
must be supported at that part by the largest friction wheels in 
order to equalize the friction upon their axles. 

Friction wheels seem to have been first recommended by 
Casatus. They were aflterwards mentioned by Sturmius and 
Wolfius, but were not in actual use till Sully applied them to 
clocks in 1716, and Mondran to cnmes in 1735. They re- 
mained, however, almost unnoticed till the celebrated Euler ex- 
plained their nature and advantages in his Memoirs on Friction. 

Another method of diminishing friction is to apply the im- 
pelling power (when it can be done) in such a way as to act 
either in opposition to, or obliquely to the force of gravity. 

If we suppose, for example, that the weight of a wheel, whose 
iron gudgeons move in bushes of brass, is 100 pounds, then the 
friction ari^g from both its gudgeons will be equivalent to 25 
pounds. If we suppose also that a force equal to 40 pounds is 
emj^loyed to impel the wheel, and acts in the direction of gravi- 
ty, as in the cases of overshot wheels, the pressure of the gud- 
geons upon their supports will then be 140 pounds, and the 
friction 35 pounds. But if the force of 40 pounds could be 
applied in such a manner as to act in direct oppodtion to the 
wheePs weight, the pressure of the gudgeons upon their sup- 
ports would be 100 — 40, or 60 pounds, and the friction only 16 
pounds. It is impossible, indeed, to make the moving force act 
in direct opposition to the gravity of the wheel, in the case of 
water-mills ; and It is often impracticable for the engineer to 
apply the impelling power otherwise than in a ^ven way ; but 
there are many cases in which the moving force may be so 
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exerted, as at least not tokiorease the friction which arises from 
the wheel's weight. 

As it appears from the experiments of Coulomb, that the 
least friction is generated when polished iron moves upon brass, 
the gudgeons and pivots of wheels, and the axles of friction 
rollers, should all be made of polished iron ; and the bushes in 
which these gudgeons move, and the fricUon wheels, should 
be formed x)f pcJished brass. In small and delicate machinery, 
the caps, or planes, which support pivots, or upon which knife- 
edges rest, as in balances and pendulums, should be made of 
garnet in preference to any other ^ ubstance. 

When every mechanical contrivance has been adopted for 
diminishing the obstruction wiiich arises from the attrition of 
the conmiunicaring parts, it may be still farth^ removed by 
the judicious application of unguents. The most propa: for 
this purpose are swine's grease and tallow, when the surfaces 
are made of wood, and oil when they are of metal. When the 
force with which the surfaces are pressed together is very great, 
tallow will diminish the friction more than swine's grease. 
When the wooden surfaces are very small, unguents will lessen 
their friction a little, but it will be greatly diminished if wood 
moves upon metal greased with tallow. If the velodties, how« 
ever, are increased, or the unguent not often enough renewed, 
in both these cases, but particularly in the last, the unguent 
will be more injiuious than usefid. The best mode of apply- 
ing it, is to cover the rubbing surfaces with as thin a stratum 
as possible, for the friction will then be a constant quantity, 
and will not be increased by an augmentatbn of velocity. 

In small works of wood, the nterposition of the powder of 
black lead has been found very useful in relieving the mo- 
tion. The ropes of pulleys should be rubbed with tallow, and 
whenever the screw is used, the square threads should be pre- 
ferred. 

In order to apply unguents to the communicating parts of 
machines, various contrivances have been adopted. The spindles 
eS trundles have been made hollow, ta contain oil, so that when 
they had a horizontal position, they allowed it to drop from 
small apertures upcm the wheel below, by which they were 
driven. In the Edmburgh Ertcychpasdia^ Art. Mechanics^ the 
reader will find a drawing and description of a method of di- 
• miniabing friction, by dispensing with the axes of rotation, and 
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a method in wluch the wheel is sustained by two floating cy- 
linders. 



CHAPTER IV. 

ON THE ELEMENTS OF MACHINEEY, AND THE C0NTKIVANCS8: 
USED IN THE COMPOSITION OF MACHINES. 

As every machine consists of a number of elementary parts, it 
is necessary that the mechanic should be acquainted with their 
nature and mode of action before he combines th^n together so 
as to compose, a machine for producing a particular effect. 
The most important parts of machines may be arranged as fol- 
lows :— 



Cbntriyanoes in which the aetiiig 
parts hare no pennanent oon- 
nezioD. 



XL 

ODntriTBnoes in which the oom- 
municating parts hare a per- 
manent omnezion. 



r 1. C^Undiioal wheels and pinioiii. 

2. BeyeUed or conical wfaeels- 

3. Crown wheels. 

4. Hackwork. 

6. Ratchet-wheels* 

6. WhedsdrxTenbfbdtSf bonds, or ropes. 

?• Bag-wheels and chains. 

8. Axles, gudgeons* and pivots. 

9. Apparatas for locking and unlocking man. 

cfainoyl 

10. Endless screws. 

11. Lever of Iiagaroust. 

12. Spriiq^s. 

Sing^crank. 
Double crank. 
Triple crank. 
Yaiiabls crank. 

2. Hooke's universal joint. 

3. Sun and phmet wheel. 

4. Ball and socket. 

.5* Ardied head and chafai. 



1. 



I. — AccoulU of Contrivances in which the Acting Parts have no 

Permanent Connexion. 

1. Cylindrical Wheels and Pinions. — ^When a rod or axle is 
put into a rotatory motion by any power or first mover, the mo- 
tion of this axle is conveyed to a second axle, parallel to it, ^ 
by means of cylindrical wheels. If nothing more than motioii 
was to be conveyed to the second axle, it might be done by two 
wheels, one placed on each axle, and having their cyliidrical 
surfaces in contact. The mere friction of these circifmffanence&# 
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wou]d give motion to the second wheel, and the axle upon 
which it is placed.^ As it is necessary, however, to transfer the 
force as well as the motion of the first mover, the two wheels 
are generally made to communicate by means of teeth cut out 
of dieir respective circumferences, which act upon one another 
in the way idready described. 

If the second axle is to move with a different velocity, the 
wheel placed upon it must have its diameter one half the dia- 
meter of the first wheel, if it is to move with twice the velo- 
city ; one third if it is to move with thrice the velocity, and so 
on ; or twice the diameter if it is to move twice as slow, and so 
on. In these cases the smallest wheel is generally called the 
pinion. 

2. BeveUed or Conical TF%eeb.-— When the motion of the first 
axle is to be communicated to a second axle, inclined at any 
angle to it, bevelled wheels (or bevelled geer) are employed, 
as already described, and the number of teeth in the one must 
always be to those in the other inversely as the velocities with 
which they are to move. 

3. Crown Wheels. — In very small works, the motion of one 
axle may be conveyed to anodier at right angles to it, by means 
of a cylindrical pinion acting upon teeth at right angles to the 
radii of the wheel. Such a wheel is called a crofwn wheel. 

4. JBacXm^rA:.-*— When the motion of an axle is to be used 
for giving a rectilineal motion backwards and forwards to a rod 
or beam, the machinery is called rackwork. . An example of 
this is shewn in Vol. I, Plate VI, Fig. 2, 3, Plate XIII, Fig. 4, 
and in Plate V, Fig. 9 of this volume. 

6. A Ratchet-Wheel^ or detent wheel, is a wheel fixed upon 
an- axis which allows the axis to turn round in one direction, 
but prevents it from turning in the opponte direction. Ratchet- 
wheels are generally employed to prevent a weight raised by a 
machine from descending. 

r 

1 In a saw-mOl erected by Mr. Taylor of Southampton., the wheeb act apon each 
other by the contact of the end graid of the wood. This method continued in use 
for twenty years. The wheels were of €oune made to bear against each other by 
some mechanical means. In small works a film of caoutchoc round the drcumfereDcc 
of the wheels would enable the one to drive the other with great effVct ; or the same 
result might be produced in an inferior degree by rims of buff leather, similar to 
what Mr. Hicholspn saw in the drawing of a spinning-wheel. 

VOL. ir. N 
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lo Plate XI, Fig. 1, Vol. I, a ratchet-wheel is shewn at N, 
(See aliBo Plate II, Fig. 5). Its teeth have the shape oC the 
point of a crescent lying in the same direction. When th? wheel 
turns in one directum, a click such as O rolls over the convex: 
surfaces of the teeth ; but when the wheel attempts to move la 
the opposite direction, the dick O presses its^, sometimes by 
the help of a spring, into the angular space between the twa 
teeth, and prevents the wheel from moving. 

6. WheeU wHk Belts and Bopes.^^When the motion of one 
axle is to be conveyed to another at a distance, a wheel or pulley 
<m tjbie one is connected with a wheel or pulley on the other, by 
m^ans of a belt or rope passing over each, as shewn at jEJ F in 
•Plate I, Fig. 12, Vol. I. When ropes are used, they lie in 
grooves cut in the circumference of each wheel ; but when a belt 
is employed, it acts ^mply upon their cylindrical circumferences. 
When the belts become loose by being stretched, they lose their 
pow^r of turning the axles, and in this case tbey must either be 
shartened, which is sometimes done by mesons of buckles, or 
the friction must be increased by chalk or other means. S(une- 
times this evil is remedied by having grooves on a pulley of dif- 
ferent diameters in one or both of the wheels, and when the belt 
or rope becomes slack, it is shifted to the next largest circum- 
ference. If this, however, is not done on both wheels, the velo- 
city of the machinery will be changed.' Belts are often apt to 
quit the wheels upon which they work, which generally arises 
fiom the circumference not being accurately cylkidrical. If the 
drcuqifereDces are conical^ the belt has always a tendency to^ 
wards the base of the cone, and hence it is usual to give the 
circumferences of the pulleys or wheels a barrel shape, or to 
make their diameter greatest in the middle, by which tibe belt 
always keeps its place. When the belt or rope crosses between 
Ihe wheels, the second will move in a contrary direction to the 
first ; but when they do not cross, the wheels yvill both move in 
the same direction. 

7. Rag-wheels with Chains. — When the machinery is exposed 
to great strains, or when its movements require to be very re- 
gular, chains of various kinds are substituted in place of belts 

• and ropes. These chains generally lay hold of pins or hooks, 
or enter into notches on the circumference of the wheel, and 
hence such wheels have been called Rag-wheels. Three different 
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kinds of rag-wheels are shewn in Plate VI, Figs. 8, 4^ S. In 
Figs. S and 4 the chains take hold of pins p^ p^ &c. projecting 
from the wheels and in Fig. 5 there are sharp angular points 
on the chain A B C, which enter into notches i i upon the wfaeePa 
circumference. Another example of rag-wheels is shewn in 
Plate II, Fig. 11, at ^ and B^ 

8. AoaleSi Gudgeons^ and Pivots. — Axles are generally fixed 
permanently to tlie wheels which they carry ; but Mr. Brunell, 
in ^e block machinery at Portsmouth, connected the wheels 
with their axles solely by friction. A hollow conical shoulder 
in the centre of the wheel was fitted upon a conical part of the 
axle. By driving the interior upon the exterior oone, with a 
few blows from( a hammer, the friction was sufficiently power- 
ful to prevent the wheel from slipping round, while the ma^ 
chine was performing its ordinary work ; but when the force 
applied to the wheel was increased by any unforeseen cause, 
this force, in place of crushing the machinery, overcame the 
friction between the two cones, and the wheel revolved upon 
its axle without turning it, and consequently without injuring 
the machinery. The Gudgeons are the metallic and cylifldrical 
extremities of axles upon which they rest and turn. They should 
never be mad£ much larger than the nature of the madunery 
lequires. When the extremities of axles are ccmical, they are 
called Pivots, The hollows in which the gudgeons rest are 
called Bushes, A vertical gudgeon with its bu^ is shewn in 
Pig. 6 of Plate VI, and a horizontal one in Fig. 7. They 
should be made of hard substances of uniform texture, and 
plentifitlly supplied with oil or grease. Sometimes they are 
made of siliceous stones in milk, tn wind-mill» the great collet 
of the axle is someUmes sUppcurted in blocks of marble slightly 
hollorwed. M. Borgnis has found that green oak that has been 
soaked in bmliug oil is preferable to copper. When the wheel 
is subject to horizontal or vertical displacements, it is necessary 

"that the gudgeon should have a cover m (Pig 8), kept down by 
screws d rf, the tail b diverging, m order to keep it firmer in' the 
wood. 

9. Appanratus Jot Locking and Unlocking Machinery, -^In ^ 
many machines it is necessary sometimes to connect one axle with 

another, and at other times to separate them. This is called 
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throwing in and out tfgeevj and may be effected in yaiiou» ways. 
The most elegant method of doing this is to place upcm one of 
the axes a conical shoulder, which can slide freely c^ndways, but 
is prevented from revolving by fillets or projections from the 
axle. This omical shoulder is forced by the power of a lever . 
into a hollow conical shoulder, and is metted with it so firmly 
by friction that they act as if they were firmly joined together. 
By the action of the lever, they are agun separated at pleasure. 
Another method of throwing either of two wheels into geer 
is sh^wn in Plate VI, Fig. 9, where A and B are the two axles, 
and P, O the wheels fixed upon them. When it is required 
to throw the wheel O into geer, the clutch ^ is pushed by the 
aimj^e into hollows in the face of the wheel, and the same is 
done in the opposite direction by the clutch q when P is to be 
thrown into geer. In the position shewn in the figure, the 
wheeb are both out of geer. This contrivance is part of a 
self-regulating sluice, which is elevated or depressed to admit 
more or less water according as the pinion or P is thrown 
into action. See Edinburgh Encyclopwdia^ Art. Hydrodyna^ 
micsy vol. xi, p. 561. 

10. Endless Screws, — The object of an endless screw is to 
communicate the motion of an axle to a wheel lying in a plane 
passing through the axle. It is shewn at H in Plate I, Fig. 9, 
where it works in the teeth of the wheels C, H. In this con- 
struction of the endless screw only a few teeth of the screw are 
engaged at the same time ; but when great strength and solidity 
are required, the wheel in which the endless screw works has a 
groove ab (Fig. 10) in its circumference, like a female screw. 
By this means many teeth of the screw and the wheel are en- 
gaged, and the construction is remarkably solid. This con- 
trivance is used in the dividing engines of Ramsden and Trough- 
ton, and is well represented, both as applied to rectilineal and 
cireular motions, in the Edinburgh Encychpcedia^ Art Gradtuu 
Hon, Plate 281, Figs. 7 and 8. 

11. Lever of LagarousL — This contrivance, which produces 
a rectilineal from a circular motion, is represented in Plate VI, 
Fig. 11. The lever A B has a Motion round an axis C, in a 
fixed beam M N, the use of which is to elevate or depress the 
toothed rack FG, This is done by the two secondary levers DE^ 
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D' E'j fixed b A B, at the pmits D and D'. When the ex- 
tremity J descends, the book E slides down over the tooth 
hdow it into the next hollow, while the ascent of JB, which 
takes places at the same time^ causes the hook £' to pull up the 
radc F 6. When By on the contrary, is depressed, the hook £' 
slides down over the tooth below it into the succeeding hoUow^ 
while the ascent o£ AC causes the hook E to draw upward the 
beam FG. By means of the same contrivance a circular mo* 
tion may be given to a wlieel having teeth similar to thoib in 
the rsfk FG, 

12. Springs, — Springs are frequently used in machinery, 
not as a moving power^ but as a sort of occasional force for 
keeping together the parts of a machine that would otherwise 
separate. An example of this is shewn in Plate I, Fig. 5, Vol. I, 
where the spring JT, by bearing against the index H K^ keeps it 
in contact with the point m, and the lever I Fm contact with 
the end n of the expanding bar O* See also Plate VII, 
Figs. 1 and 8. A spiral spring sometimes forms a perma- 
nent connexion between the extremities of a chain, in order to 
tighten it when it has become slack with use, 

II. On Contrivances in which tJie Communicating Parts are 

permanently connected. 

1. A Crank is one of the simplest and most durable me- 
thods of conveying motion. It is represented at F^ G^ and 
jy, in Fig. 5, and at A^ B^ and C in Fig. 6 of Plate V, 
Vol. I, and it acts in the same manner as if the power were 
applied to a winch fixed at or near the circumference of a wheel. 
A double crank is shewn in Plate VI, Fig. 12, where ABi^ the 
revolving axis, which, by means of the double crank, communi- 
cates a redprocating motion to the two beams a &, c d, the one 
ascending when the other is descending. A triple crank is 
shewn in Fig. 13, where three beams are made to ascend and 
descend; but the planes passing through each of the three 
cranks must be inclined 120° to one another. A changeable 
crank, in which the radius is variable, is shewn in Fig. 14, 
where AB\^ the axis, and a b the beam, which can be set to 
different distances from m 7i, by drawing up the four parallel 
bars, c, d, e,J\ and fixing them in any position, by pins passing 
through the small holes. 
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2, Hookd'i Universal /oin^-^This ingenious ooatrirance, in- 
Tented by Dr. Hooke^ and represented in Plate VI, Fig. 15, ocm- 
sists of two shafts or axes A^ B, terminating in a semicircle, and 
connected by means of a cross CD^EF. As the branches C Dy 
E F have a motion round their pivots at C, 1>, <£, and F, it is 
obvious that when the shaft J is turned round, a «imilar motion 
will also be communicated to the shaft B. Thia joint may be 
used when the inclination cf the shaft does not exceed 40% or 
radwr 140°, its complement. It is particularly useful in giving 
the vertical and horizontal motions to telesbopes, by means of 
rods idiich the observer holds in his hand, and which are con- 
nected with endless screws by means of the universal joint. 
When the inclination of the shafts is between 50^ and 90% a 
double universal Joint is employed, as shewn in Fig. 16. Here 
there are two crosses, the extremities of which move on 
their pivots in the semicircles at the ends of the Aafts ^, JB^ 
These joints may also be constructed with four pins, fastened 
at right angles upon the circumference of a hoop ot a solid 
baU. 

3. Sun and Planet Wheel, — This contrivance waa first intra* 
duced by Mr. Watt, for the purpose of converting the recipro- 
cating motion of the beams of his steam-engine into a rotatory 
one. It has been already described in pages 95 and 96. 

4. BaU and Socket — ^Although the ball and socket is not 
used in general machinery, yet we may regard it as a mecha- 
nical contrivance, by which two parts of a machine are perma- 
oently connected. The object of it is to give a motion in va- 
rious directions to one axis, while the other remains fixed. 
This is generally done in telescopes, by the joint effect of a 
horizontal and a vertical movement; but when the telescope is 
not heavy, a ball and socket is the simplest and most commo- 
dious contrivance. It is represented in Fig. 17, where Bis a, 
BaU of brass, fixed at the lower extremity of the axis A jB, on 
which a telescope or any other body is supported. This ball 
is of the same diameter as the interior diameter of the Socket 
or cap CSD, with which the lower axis ^S' T is terminated. 
This socket consists of two parts C E F D, E FS, the fornaer 
of which can be removed, or slackened, or tightened, by turn* 
ing the milled circumference E F. On the bottom of the socket 
is placed a piece of cork, against which the lower part of the 
ball B presses, so that whenever the ball moves too loosely in 
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the socket, it may be pressed agfinst the elastic cork, by turn- 
ing E F, which drawB the ball downwards, by which means its 
motion is rendered as stiff as we choose. In the upper edge of 
the moveable part C D, & notch n is cut, to allow the axis 
JB to come into a position at right angles to S T. 

In the preceding observations, we have mentioned only those 
means which are used in connecting together the different parts 
of machineiy, without any particular reference to the nature of 
the effiN^t which they individually produce. We shall now 
proceed to consider die various contrivances which have been 
adopted for changing the direction of motion. 

r 

Accauni of Mechanical Contrivances Jhr trafn^brring Mofkm^ 
' or Aanffng iU Direction. 

I. Contrivances for transferring a direct circular motion into 
a direct drcidar motion in the same plane. 

The simplest way of producing a direct circular motion from 
a motion of the same kind, is by means of a belt, rope, or 
chain, which does not cross between the two wheels. 

The same effect may be obtained by means of three wheelsr 
acting upon one another, where, if the right-hand wheel is 
turned from left to right, it will cause the middle wheel to turn 
from right to left, and the left-hand wheel from left to right. 
The same effect is likewise produced by one wheel acting upon 
the interior cnrcumference of another. 

II. Contrivances for chan^ng a direct circular into an in* 
verse circular motion in the same plane. 

This effect may be produced by a crossed belt, rope, or 
chain, or by one toothed wheel acting upon another. 

III. Contrivances for changing a circular motion in one 
plane into a circular motion in any other plane.' 

A motion in any one plane may be changed into a motion in 
any other plane, by means of bevelled or conical wheels, as de- 
scribed in p. 186, and the same effect may be produced by 
Hookers universal joint. An ex|imple of this may be seen in 
Plate V, Fig. 19, where the motion is changed into a plane in- 
clined to the original one. The same effect may be produced 
by an endless screw working in the teeth of a wheel. In 
Vol. I,* Plate II, Fig. 20, the motion is represented as changed 
into a plane at right angles to that of the handle ; the wheels 
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however, may have any degree of mclination to the horizon; 
but the common section of its plane, and that of a plane pass- 
ing through the axis of the screw, must always be parallel to 
the axis of the screw. 

IV. Contrivances for transferring and changing a circular 
motion into another of the same kind. 

A contrivance of this kind, invented by M. Camus, for the 
purpose of moving sieves, is shewn in Plate VI, Fig. 18, 
where AB C Di&sl table above which is a plank E Fy capable 
of revolving round the pivots m, n. To this plank, or to one 
of the pivots m prolonged, is fixed a crooked arm ^, upon 
which is suspended a pendulum R S. By means of the moving 
power, the pendulum is put into a circular alternating mo^ 
tion, and, of course, the same motion is communicated to the 
plank E F. 

Another contrivance for this purpose is shewn in Fig. 199 
where a & c is a cord fixed at a to the spring B^ and after pass- 
ing round the cylindrical wheel A^ it is fixed at c to the pedal 
D. The circular alternating motion of the pedal D round the^ 
centre C is thus conununicated to the wheel A. 



Account of Contrivances for changing one Motion into anotlier 

of a different hind. 

In the preceding paragraph we have considered only the mc^ 
thods of chan^ng one motion into anotlier of the same kind^ 
either into a new plane, or into a, different plane. We shall 
now, therefore, describe the different kinds of mechanism by 
which motions are changed into others of a different kind. 
These changes may be thus arranged. 

1. A rectilineal continuous motion into a circular continuous 
motion. 

St. A rectilineal continuous motion into a circular alter- 
nating motion. 

3. A rectilineal continuous motion into a rectilineal alter* 
naUng motion. 

4. A circular continuous into a rectilineal alternating motion. 

5. A circular continuous into a circular alternating motion. 

6. A rectilineal alternating into a circular alternating motion. 
X. Contrivances for converting a rectilineal continuous mo^ 

tipn into a circular continuous motion. 
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This effect may be produced by the followbg means :•-— 

1. By the descent of a wdght attached to a cord wrapped 
round the circumference of a cylindrical wheel or axle. The 
weight, by its continuous, rectilineal descent, ^ves a circular 
continuous motion to the wheel or axle. See Plate II, Fig. 5, 
Vol. I, where the weight P gives this motion to the axle C I>, 
by the rope acting on the circumference of A J?. 

2. By a rack acting upon teeth in the circumference of a 
wheel, where the continued rectilineal motion of the rack gives 
a continuous circular motion to the wheel. 

S. By a rectilineal belt, rope, or chain, acting in the direc- 
tion of a tangent to the circumference of a wheel. 

4. By a nut, with a female screw advancing along a male 
screw. 

II. Contrivances for converting a rectilineal continuous mo- 
tion into a circular altemaUng motion. 

This effect may be produced by the following means : — 

1. By the teeth of a rack Jf JV, Plate VI, Fig. 20, acting 
upon the en^tremity B of & lever A B moving round the centre 
C. After the head A has been raised by any tooth acting upon 
By it again descends by its own weight through the same arch ; 
and as soon as its descent is completed, it is again caught by 
another tooth, which raises it as before. The same effect may 
be produced by a chain with teeth^ which act upon notches cut 
in the circumference of a wheel fixed at B, If the rack MN 
is fixed to a chain passing round two rag-wheels, it may be 
called an endless radc^ and though moving round two centres, 
its motion is in reality rectilineal. 

2. The same effect may be produced by a double rectilineal 
rack acting npoOi a double wheel, as shewn in Fig. 21, where 
AS CD is the double rack, having sets of teeth on each 
side, with intervals without teeth, the sets of teeth on the side 
C D h&xig opposite the intervals on the side A B, Between 
the arms of this double rack is fixed a double wheel a i, cd; 
the half a b has a smaller diameter than the other, and is fur- 
nished with a few teeth, which are acted upon by the teeth of 
the rack C D, and the other half cd is also furnished with 
teeth, which are acted upon by the teeth of the rack A B. 
When the rack ABDC descends, the first tooth upon CD 
acting upon the first tooth a &, gives the double wheel a rota- 
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tory motion from left to right, and the remuning teeth of the 
first set conduct it through a given arch. When tills arch is 
completed, which happens when the last tooth of the first set 
upon CD acts upon the last tooth upon a i, the first tooth of 
the first set upon A B begins to act upon the first tooth upcm 
c dy and therefore causes the double wheel to move backwaids 
through the same arch. In this way the eirculair alternating 
motion of the double wheel will continue as long as the rack 
continues to act upon it. The double wfeeel may be jdaced be- 
tween two racks, carried round by two pair of rag.wheels. 

8. The Lever of Lagarcusty which we have already de- 
scribed, becomes, when its action is inverted, a contrivance by 
which the rectilineal continuous descent of the hooks i?, E pro- 
duces an alternating circular motion round the centre C. 

III. Contrivances for converting a rectilineal continuous 
motion into a rectilineal alternating motion. 

1. The only contrivance which we think capable of pro- 
ducing this effect is shewn in Fig 8S of Plate VI. A chain A JB 
moving in the rectilineal direction J.B by means of two rag*- 
wheels, and furnished with wipers m, n, o, will obviously raise 
the arm CD through a certain height. As soon as the wiper 
quits it, it will descend by its own gravity, and will then be 
elevated by the subsequent wiper m, having an alternating rec- 
tilineal motion of ascent and descent. 

IV. Contrivances for converting a circular continuous moticm 
into a rectilineal alternating motion. 

The contrivances which have been invented for producbg this 
change of motion are very numerous, and some of them highly 
ingenious. Innumerable pieces of mechanism might be devised 
for this purpose ; but it is our object at present to exclude all 
those in which the effect is produced by more than two or three 
parts ; as all contrivances of a more complicated nature must be 
considered as real machines, and not as elementary ones. . 

1. The simplest methods of pttxlucing a rectilineal alter- 
nating motion from a circular continuous one, are those whidi 
consist in raising a beam or stamper vertically, by wheels formed 
into an irregular outline, or carrjdng on their circumferences 
wipers or spirals, as shewn in Plate V, Figs. 9, 10, 11, &c. The 
stamper is thus raised to a certain height^ and descends through 
fhe same height by its own weight, when the succeeding wiper 
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begias lo aete upon it, aod raise it a fiecond time. The very 
same eSSasL maj be pfoduced by a rack and jnaioiiy {jrovided 
ihe pimon bas teeth only on a port of itB cixcitnifSerence. The 
toothed port devates ike rack, which of Qnarfe desoends when 
the last tooth has ceased to act, and by the time that the r«ck 
has perfisnned its work, llie toothed part c£ the pbion has 
come roimd again, for the purpose of ndaing the radc a se*- 
cond time. All these contrivances are so simple and well 
undersloody that they do not require to be more particularly 
described. 

S. Another contrivance for producing this effect is shewn in 
Fig. 9Sy where ^ is a wheel turned by the wineh H, and Goa« 
nected by the bar a b with the vertiod beam If JV, which can 
move up and down between the guides c d, eji As the handle 
H is turned^ the beam If JV' wiUmove up and down, its greatest 
range beii^ equal to2Ab. If the hetaa MN is placed bo- 
riisontally, the same effect will be produced. When the power 
c£ a man is to be applied to the handle H, the wheel A is un* 
necessary ; mid we have only to join the extremity 6 to the 
centre of motion Ay and convert it into a oank. Bat when 
the motion is to be taken from any other moving shaft, it is 
generally done by a belt or chain pasring round the wheel A^ 
This apparatus, when bori«mtaJ, may be employed for grinding 
and poliiUng flat surfaces, and is used in silk mills. 

3. In Figs. S4 and 35, we have represented other two con« 
trivanees, which are essentially the same. In Fig. 24, a pinion 
JP, having teeth on nearly one half of its circumference, is 
placed within a double rack A B C D* After the pinion, turn^ 
ing from ri^t to left, has raised the double rack by acting 
upon D By it then proceeds, by continuing to turn in the same 
directbn, to act upon the side A C, and depress the double 
rack. If the teeth of the wheel were infinitely small, the half 
of the wheel should be furnished with the teeth, and the length \ 
of the rack be exactly equal to the toothed part. 

The Gonitrivance shewn in Fig. 9l|, consists in reducing the O 
teeth of die rack to one, and in diminishbg the number of 
teeth in the wheel. When the wiper a, turning from left .to 
right, has rmsed the rack by acting upon tn, the wiper b begins 
to depress the rack by acting upon n ; and in this way the 
alternate motion is continued. 
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4. The rack and pinion of the form shewn -in Plate VI, 
Fig. 26, produces a nmilar effect When the teeth of the 
pinion P have acted upon one side of the rack, and begin to 
enter upon the dreuku* end, a small lateral motion is given to 
the rack by means of the jointed pieces ab, ed, which brings 
the other side of the rack within the action of the pinion, and 
end[)le8 it to work on the opposite ade to produce the return- 
ing motion. 

5. The contrivance shewn in Fig. ST^ conrists of a plate of 
metal A By with a number of rectilineal openings ab, cd cut 
through and through it. Behind this plate, and very near it, 
is another MN, in which a spiral aperture marked with a 
dotted line is also cut through and through. If small cylinders 
r, s are placed in the opening at the intersection of the spiral 
and the rectilineal apertures, it is obvious that these cylinda*s 
will approadi to or recede from the axis, by turning the plate 
MNy as they must always be found at the points of intersec- 
tion. If two contrivances of this kind are placed together, as 
shewn in the section, Fig. 87, and if the small cylinders r, «, in 
each set of plates, are connected with each other by means of 
strught rods n n, n », these rods will form the circumference of 
a drum of a greater or less diameter, according as the cyiin-* 
ders r, ^ recede from, or approach to, the centre. By this 
means an expanding crane is formed, by which the relation be- 
tween the power and weight can be varied at pleasure. This 
is the principle of the expanding crane invented by Mr. Robert 
Hall, and described in the Transactions of ihe Society tfArts, 
vol. xii. 

6. Another contrivance is shewn in Plate VII, Fig. 1, where A B 
is a wheel turned by a winch or by a belt upon its drcumferaice. 
Its exterior part is cut into teeth, the form of which may be 
varied according to the nature of the case. A small rod ad, 
supported between two guides m, n, has one of its ends a bear- 
ing upon the teeth of the wheel, while its other extremity b buts 
against a spring s. As the wheel A B turns round, an alter- 
nating rectilineal motion is obviously communicated to the rod 
a b. M. Zureda, has applied this contrivance to a machine for 
pricking holes in leather for making cards, and it has also been 
employed in the manufacture of fishing nets. If all the teeth in 
A B were reduced to one, the surface of the wheel would be an 
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inclined plane, and the oscillations of a 6 would be perfomied 
once in every revolution of the wheel. 

7. A piece of ingemous mechanism, invented by M. Zureda, 
is shewn in F% 8, where^ S is a cyhnder revolving about its 
axis either by the handle H^ or by a belt going round a wheel 
at one end of it. On its sur&ce are cut two oppottte grooves 
like the thrteads of a screw, which unite or run into one another 
at both ends of the cylinder. The lower extremity 6 of the 
small rod a & exactly fills this groove, and its upper end a has a 
head attached to it, which runs in a groove made in the frame 
C D, By turning the handle jET, the rod a b follows the spiral 
direction of the grooves till it reaches the end B ; and as this 
end of the groove communicates with the commencement of the 
opposite groove, the rod ab returns to its or^nal position by 
the opposite groove. See Lanz and BetaQcouri*s Essai, 4*c. 
p. 6^, Edit. 1819* If the cylinder in this mechanism is con* 
verted into a cone, the path of the small rod a b may have any 
inclination to the axis of the circular motion. 

8. Two analogous contrivances are shewn in Figs. 8 and 4. 
A wheel A B (Fig. 3), turned by a handle H, or by a belt, has 
a projecting pin or cylinder C, which is made to move with a 
little play in the rectilineal groove D £, cut in a cross piece 
DEj attached to the ascending and descending rod a by sup- 
ported vertically by the guide mn. As the wheel turns, the 
cylinder C, ai^ng upon the lower ^de of the groove, depresses 
a bf and bringing it to its lowest point, it raises it by acting 
upon the upper side of the groove, and thus g^ves the beam a b 
a rectilineal alternating motion. As the space of descent or as- 
cent is always equal to the versed sine of the arch described by 
die wheel, the motion of the beam a 6 is v^ slow at the be- 
^nning and end of each oscillation, and varies rapidly towards 
the middle. 

. This want of uniformity is remedied in the contrivance shewn 
in Fig. 4, where the groove D £, instead of being rectilineal, 
is formed into two similar curves, as shewn in the Figure. In 
order that the beam a b may descend through equal spaces p 1 ; 
1, 3 ; S^ 8, &c. while the pivot s describes the equal arcs s 1 ; 
1, 2 of the arch pD, it is obvious that the point p of the beam 
must be at the points 1, 2, 3 of the radius of the wheel, while 
the pivot s is at the divisions 1, 3, 3, &c. of the quadrant of the 
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circle. Hence the distances 1, 1; St, S, betwcueiv the quadrant 
and the curvilineal groove must be taken equal to 9 I, s2, gS 
of the nulius. The other quadraate of itie curve are fermed 
in the same manner. But it must be noticed, that if the pivot 
s causes the beam ab to move through a sfmce exactly equal to 
what it moved through whai it deaeribed the fia*st quadranl, 
then the curves must cross one another at s like ihe figure oo • 
If it is required that the beam a b moves through a smaller space 
in the Sd than in the 1st quadrant, then the form of the curves 
must be that in the figure, where the two branches are separated 
at « ; but if it is required that the beam should describe a great- 
er spaee, then the curves will cross one another at two points, 
thus oS>^. 

9. Another contrivance is shewn in Plate Vll, Pig. 6, where 
j< J3 is a double rack with circular ends, driven by a pinion P, 
which can move freely in a groove m n cut in the cross piece 
CD; then if, when the pinion P oomes to the end i?, the pro^ 
jecting piece a meets the spring s^ the |:mion P will descend in 
its groove, and carry back the other ade of liie rack, so that 
the alternate rectilineal motion of the rack will thus be kept up 
continually. 

10. Another contrivance is shewn in Fig* 6, where J3 is^ 
a concave toothed wheel, in which anodier wheel C €ft half it» 
^ameter works. If this wheel C is driven by a handle, so as to 
make it revolve within the other, any pdnt of its csroumference 
will describe a straight line. This arises from the property thai 
the interior epicycloid thus described is a straight line. See p. 

In all the preceding contrivance^ the rectilineal ahematkng 
motion is performed in a path which has^ absciutefy the same 
position in every successive osciSatieii. It may, however, often 
be necessary that this path shouM be different in <&Ferent os- 
cillations. If, for example, we wish to bruise any thmg with ar 
stamper, it may be requitied that the stamper should not always 
fall upon the same spot, but idiould strike difl^nt places at 
different tones. The fofiowing contrivance for produdng this: 
compound rectilineal alternating motion has occurred to uSw 

11. Let it be required to raise a stamper verticaOy, so that it 
diall strike different places at the end of di£^ent osdllations. 
If the rectangles -4, J9, C, D (Fig. 7), represent the curvilineal 
acting surfaces of four wipers lying in different planes, let 
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grooves ab^ n^ V be cut into two of than, so as to conduct late- 
rally the piny or projectuig point, by which the stamper isnused, 
and let the other two ha:ve similar grooves ed, d d! cut in an 
opposite direction. Then when the pin of the stamper is taken 
1^ at the point a of the groove upon A^ it will be conducted in 
the groove aft, and quitted at 6, so as to have received a lateral 
displacement equal Xo ad. It will then be taken up by the 
point £^ of the gcoove-d V of the wiper By and in like nuumer 
conducted to l/^ where it falls. The next wiper C will take it 
up at the point c of its groove, and conduct it back again to d, 
where it quits it ; and here it is taken up by the fourth wiper 
D at <fy and conducted by the groove d A* Xo the point where it 
wm when it was taken up by the wiper A, The only praeti- 
cal difficulty in this construction consists in guiding the stanqper 
during its lateral displacement. 

V. Contrivances for converting a continuous dicular motion 
into an alternating circular motion. 

1. This effect may be produced by means of wipers fixed 
upon a wheel, and raising a forge hammer A B moveable round 
a (centre c as in Fig. 9, Plate VII, where the teefh or wipers are 
fixed upon a straight line instead of awheel. This contrivance 
admits of numerous varieties, but they are all precisely the 
same in principle. 

S. Another contrivance, diewn in Plate VII, Fig. 8, consists of 
a wheel A B, with one jooth as it ware, or an indined plane, JifJV 
fixed upon its outer rim. This jJane acts against the extremity a 
of a crooked lever abc^ and gives it an alternating vibrating 
motion round the centre C, the extremity a being always pressed 
against the plane m its returning osdUation by the spring s. If 
the bent arm Cbaef the lever is heavier than the other arm, 
the spring will be unnecessary, as the lever will return Eke a 
pendulum by its own gravity. The plane of the wheel may 
have any position with regard to the horiaon. 

S. Another pece of mechanism for this purpose is shewn in 
Fig. 11, where J is a wheel partly toothed; and B^ C, other 
two toothed wheels upon the same aans 2> £. After the toothed 
ardi A has driven the wheel B throti^ a certain arch, it then 
quits it, and^begms to act upon C in an opposite direction, fay 
which means an alternate circular motion is communicated to 
the axis DE. 
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4. A oontriyance invented by M. St. Cyr, for chai^ng an 
uniform circular motion into an alternating circular motion, the 
velocity varying according to a given law, is shewn in Plate VII, 
Fig. 10. The use of it is to construct equation clocks. The an- 
nual wheel A carries the equation curve BC D^ in the rim of 
which is cut a groove, in which the pivot E is guided. This pivot 
is connected with the levers E F and E G, the latter of which is 
attached to the camion H^ which carries the minute-hand H /, 
so that it follows the vibration of the curve in more than one 
half of the circumference of the minute dial, and which is suf- 
ficient for marking the inequalities arising from the equation. 

6. The crank, which we have already described in p. 181, is 
another contrivance for converting an alternating circulai^ mo^ 
tion into a continuous circular motion. 

6. The sun and planet wheel is also a contrivance for the 
same purpose. See p. 182. 

7. The lever of Lagaroust, where the ratchet-wheel is circu- 
lar, Ukewise answ^s the same purpose. See page 180, and 181. 
This contrivance admits of the modification shewn in Fig. 11, 

. whare the lever A B turns round the point C, above and below 
which are two rods £, 2>, moveable round pins on A B, and so 
formed at their other extremities as to rest upon the spindles 
or teeth of the wheel M N, When the end B is pu^ed towards 
the wheel, the ends of the rods £, D push against the spindles, 
and drive the wheel round; and when B moves backwards 
from the wheel, the rods D and E fall from the spindles which 
they formerly acted on, upon the subsequent spindles, which 
they push forward at the next returning vibration of B C. 

8. The various escapements which are used in time-keepers, 
&c. may also be ranked in this class of elementary machines. 

VI. Contrivances for converting a rectilineal alternating into 
a circular alternating motion. 

The mechanical contrivances which have been invented for 
this purpose are of very great use in the arts, imd deserve to 
be carefully studied by those who are profedsionally occupied 
with the construction of machinery. 

1. A very simple piece of mechanism of this kind is shewn in 
Fig. 12, where A Bis a lever moving round C The two ex- 
tremities of a rope, fastened at the points i>, F, pass round the 
semicircle D E F, and after crossing below JE, pass over two 
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sheaves Jf, N, If we turn the kver round C, by depresdng 
By the point L of the rope will obviously move towards Ny 
and if we raise the extremity B^ the same pcont L will return 
to its former place. Hence this point receives a rectilineal al- 
ternating motion from the circular alternating motion of the 
lever. 

2. A third contrivance for the same purpose is represented in 
Plate VII9 Fig. 13, which is nothing more than die common 
bow used by watchmakers for drilling holes. The cord J. B, 
passing .round the sheave C, gives the latter a circular alter- 
nating motion when the bow is drawn backwards and forwards. 

3. A lever, with two arched heads or ends, working in a ver- 
tical rack, or rai^g a weight by means of a chain passing over 
the arched ends, the w^ht descending by its own wei^t, is 
also a machine which produces the same effect. 

4. In Fig. 14, .the wheel A B approaches to^the point C, by 
turning it round its axis in one direction, and recedes from it 
by turning it round in the opposite direction. The ropes A C, 
B C, being twisted round the axis CD, the distance between A S 
and C is necessarily shortened, while their untwisting increases 
that distance. This contrivance is often used for drilling or 
boring with the extremity Z>. 

5. Another contrivance for the same piurpose is shewn in 
Fig. 15, where the rod a b rises and descends vertically, be* 
tween the two guides mUy mn, by means of the alternate cir- 
cular motion of the lever A B moving round the centre C, and 
connected with a & by the ruler B D, having an axis of motion 
at each end. 

6. The contrivance called the ParaUel Motiony invented by 
Mr. Watt, for ^ving a circular alternating motion to the beams 
of his steam-engines, by means of the rectilineal alternating 
motion of the piston, belongs to this class of machines, and has 
been described in p. 100 of this volume. 
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CHAPTER V. 

ON THE NATURE AND OPERATION OF FLY-WHEELS, AND OTHEft 
CONTRIVANCES FOR REGULATING THE MOTION OF MACHINES. 

Vh hMii. ^ ^^^ ^" mechanics is a heavy wheel or cylinder 
which moves rapidly upon its axis, and is applied to 
machines for the purpose of rendering uniform a desultory or 
reciprocating motion, arising either from the nature of the ma- 
chinery^ from an inequality in the resistance to be overcome, or 
from an irregular application of the impelling power. 
Cmmaeixm^ When the first mover is inanimate, as wind, water, 

fqiuu motion , , ^ * , 

in machines, and steam, an inequality of force obviously arises 
from a vaiiation in the velocity of the wind, from an 
increase of water occasioned by sudden rains, or from an au^* 
mentation or diminution of the steam in the boiler, produced 
by a variation in the heat of the furnace ; and accordingly va- 
rious methods have been adopted for regulating the action of 
these variable powers. The same inequality of force obtains 
when machinesr are moved by horses or men. Every animal 
exerts its greatest strength when first set to work. After pull- 
ing for some time, its strength will be impaired, and when the 
resistance is great, it will take frequent, though short relaxations, 
and then commence its labour with renovated vigour. These 
intervals of rest and vigorous exertion must always produce a 
variation in the velocity of the machine, which ought particu- 
larly to be avoided, as being detrimental to the communicating 
parts as well as the performance of the machine, and injurious 
'vk^mk inu ^^ ^^ animal which is employed to? drive it. But if 
qualitiM re- ^ %> consisting either of cross bars, or a massy cir* 
medied by a cular rim, be connected with the machinery, all these 
inconveniencies will be removed. As every fly wheel 
must revolve with great rapidity, the momentum of its circum- 
ference must be very considerable, and will consequently resist 
every attempt either to accelerate or retard its motion. When 
the machine, therefore, has been put in motion, the fly wheel 
will be whirling with an uniform celerity, and with a force 
capable of continuing that celerity when there is any relaxation 
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in the impelling power. After a short rest the animal raiews 
his efforts, but the machine is now moving with its former 
velocitj, and these fresh efforts will have a tendency to increase 
the Telodt J : the flj, however, now acts as a reristing power, 
receiveis the greatest part of the superfluous motion, and causes 
the madiin^ to preserve its cniginal celerity. In this way 
the fly secures to the engine an uniform motion, whether the 
animdi takes oocaidonal relaxation, or exerts his force with re- 
doubled ardour. 

We have akeady observed, that a desultory or Exemplified 
variable^^^iiOtion frequently arises from an inequahty inft^iMliitig 
in the resistance, or work to be performed. This is "■*^'^** 
particularly manifest in thrashing-mills, on a small scale, which 
are dtivteft by water. When the com is bad inequally on the 
feeding bokhrd, so that too much is taken in by the flut^ rollers, 
this increase bf i^siistance instantly affects the machinery, and 
communicates a desultory or irregular mo^on even to the water 
ivheel or fir^t mover. This variation in the velocity of the im- 
pelling power may be distinctly percdved by the tjar in a calm 
evenittg, when the machine is at work. The best method qf 
correcting these irregularities is to employ a fly-wheel, which 
will regulate the moticm of the machine, when the resistance is 
either augmented or diminished. In machines built upon a 
large scale tliere is no necessity for the interposition of a %, as 
the inertiA of the machinery supplies its place, and reaistd every 
change of motion that may be generated by an iueqtild admis- 
sion of the corn. 

A variation in the velocity of esiffnes arises also 
from the nature of the machinery. Let us supfiose jJ^J^]^^'** 
that a weight of 1000 pounds is td be raised from the the nstine of 
bottom of a well 50 feet deep, by meanii of a bucket ^^""^^ 
attached to an iron chain which winds round a barrel 
or cylinder ; and that every foot ii^ length of this chain weighs 
2 pounds : it is evident that the resistance to be overcome in 
the first moment is 1000 pounds, added to 50 pounds, the 
w^gfat of the chain ; and that this resistance diminishes gra- 
dually, as the chain coils round the cylinder, till it becomes only 
1000 pqunds, when the chain is completely wound up. The 
reisdstance therefore decreases from 1050 to 1000 pounds ; and, 
if the impelling poWer is inanimate, the velocity of the bucket 
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will gradually increase ; but if an an 
generally proporticHi its actiwi to the 
therefore pull with a greater or lest 
bucket is near the bottom or top (^ th 
ever, the asuittance of a fly may be <ii 
reustance diminishes uniformly, and n 
by making the barrel conical* so that 
tfae part neareat the vertex at the com 
the diameter of the barrel gradually 
diminishes. In this way the variable 
lized much better than by the applic 
the fly, having no power of ita own* i 
impelling power. 

Having thus pointed out the chief 
the velocity of machines, and the me 
form by the inventioD of fly-wheel^ 
instaocce, the necnsity of this piece 
more obviously illustrated by shewinj 
plication in particular cases. 
AdTMtngM In the description wh 
offly-whed* Vauloue's rule-engine (See 
exemplified , '^ i ■ ., 

in die^aa- must have remarked a stnli 
"]Sw rx, °^ fly-wheels. The ram ( 
Tig. 1. guides b b, by means of I 
ToLI. levers 5 .S; but as soon as 
top of the guides, and discharged f 
resistance agiunst which the horses ] 
force, b suddenly removed, and the 
tumble down, were it not for the fly ■ 
with the drum B, by m^aa^.of the 
moYing with a very great force, it 
nstance to ihe action of the horses, t 
up by the follower. 

When machinery is dr 
Ib tbt BD- Bteam-engine, there is such 
ueun-engizie. peUing power, that, for I 
does not act at all. Duri 
tivity, the machinery would necessari 
pelled by a massy fly-wheel of a j 
with rapidity, till the moving power 
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According to Mr. Murray of Leeds, the weight of a fly-wheel 
in cwts. for steam-engines, may be found by multiplying die 
number of horses' power of the engine by 200, and dividing 
the product by the square of the intended \'clodty of the 
wheel's circumference. If the steam-engine is one of 20 
horses' power, the fly-wheel 18 feet in diameter, and to perform 
5^2 revolutions in a minute, then its weight should be about 
90.4 cwt. 

If the moving power is a man acting with a handle in the com- 
or winch, it is subject to great inequalities. The ■"*» windi. 
greatest force is exerted when the man pulls the handle upwards 
from the height of his knee, and he acts with the least force when 
the handle, being in a vertical position, is thrust from him in a 
horizontal direction. The force is again increased when Ihe 
handle is pushed downwards by the man's weight, and it is 
diminished, when the handle, being at its lowest point, is puUed 
towards him horizontally. But when a fly is properly connected 
with the machinery, these irregular exertions are equalized, the 
irelocity becomes uniform, and the load is raised with an equable 
and steady motion. 

In many cases, where the impelling force is alternately aug- 
mented or diminished, the performance of the machine may be 
increased by rendering the resistance unequal, and accommo- 
dating it to the inequalities of the moving power. Dr. Robison 
observes, that /^ there are some beautiful specimens of this 
kind of adjustment in the mechanism of animal bodies." 

Besides the utility of fly-wheels as regulators of 
machinery, they have been employed for itbcumula- acciu&mu. 
ting or collecting power. If motion is communicated ^'*°" ^ 
to a fly-wheel by means of a small force, and if this 
force is continued till the wheel has acquired a great velocity, 
such a quantity of motion will be accumulated in its circum- 
ference as to overcome resistances, and produce efiects, which 
could never have been accomplished by the original force. So 
great is this accumulation of power, that a force equivalent to 
20 pounds, applied for the space of 37 seconds to the circum- 
ference of a cylinder, 20 feet diameter, which weighs 4713 
pounds, would, at the distance of one foot from the centre, 
give an impulse to a musket ball equal to what it receives from 
s. full charge of gunpowder. In the space of 6 minutes and 
10 seconds, the same effect would be produced, if the cylinde 
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waa driyen by a man who constantly exerted a finrce of 90 
pounda at a winch 1 foot longA 

EzeraiOificd '^^^ accumulation of pow^ is finely exemplified 
in tbe sliog. in the sling. When the thong which contains the 
stone is swung round the head of the slinger, the force oi the 
hand is continually accumulating in the revolving stone, till it 
is discharged with a degree of rapidity which it could never 
have received from the force of the hand alone. When a stone 
is projected from the hand itself, there is even then a certain 
degree of force accumulated, though the stone only moves 
through the arch of a ciide. If we fix the stone in an open* 
ing at the extremity of a piece of wood 2 feet long, and dis* 
charge it in the usual way, there will be more force accumulated 
than with the hand alone, for the stone describes a larger aich 
in the same time, and must therefore be projected with greater 
force. 

When coins or medals are struck, a very consid^iible accu- 
mulation of power is necessary, and this is effected by means 
of a fly. The force is first accumulated in weights fix^ in the 
end of the fly ; this force is communicated to two levers, by 
which it is fardier condensed : and from these levers it is trans- 
mitted to a screw by which it sufiers a second condensa^ 
tion. The stamp is then impressed on the coin or medal by 
means of this force, which was first accumulated by the fly, 
and afterwards augmented by tbe intervention of two mechani<»d 
powers.. 

I Dottanoe Notwithstanding the great advantages of fly- 
ofplaciDgthe wheds, both as regulators of machines, and collect 
^ro^^^ tors of power, their utility wholly depends upon the 
position which is assigned them, relative to the im* 
pelled and working points of the engine. For this purpose no 
particular rules can be laid down, as their position depends al- 
together on the nature of the machinery. We may observe, 
however, in general, that wh^i fly-wheels are employed to re- 
gulate machinery, they should be near the impelling power ; 
and, when used to accumulate force in the working point, they 
should not be far distant from it. In hand-mills for grinding 
com, the fly is for the most part very injudiciously fixed on the 
axis to which the winch is attached ; whereas, it should always 

1 This has been demonstrated by Mr. Atwood. See bis Trtatise on BectUinad 
and Rotatiiry Motion. 
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be ftHleQod to the uffpet wU^etoney to as to revolve ividi^tiue 
same rapidity. In the first pontkniy indeed, it must equalise 
the yaryung efforts of the power wUch moves the winch ; but 
when it is attadied to the turning mill-stone, it not only does 
this, but contributes very efiectually to the grinding of the 
com. 

Dr. DcsaguUers masons an instance of a blundering ei^ 
gtneer, who applied a fly-whed to the sbwest mover of the 
machine, instead of the swiftest The machine was driven by 
four men^ and when the fly was taken away, one man was suf- 
ficiently abk to work it. The error of the workman arose fixim 
his conceiving, like many others, that the fly added power to 
the machine ; but we presume that Dr. Desaguliers himself 
has been accessory to this general misconoeptum of its nature, 
by denominating it a fnechaaical organ or power. By the in* 
terposition of a fly, however, as the Doctor well knew, we gain 
no mecbaaica] Ibrce; the impelling power, on the contrary, b 
wasted, and the fly itself even loses some of the force whidi it 
receives, by the renstaiice of the air.' 

Having thus catj^ained the nature and position of fly-wheelf, 
ve shall condude this Chapter with the description of two very 
ingenious c<Hitrivanoes for regulaiting the motion of machines-* 
namely, Pnmy's condenser of forces, and Samuel^s apparatus 
fcnr regulating the action of horses when employed to drive ma« 
chinery. 

Description of Prony's Condefhser of Forces. 

The condenser of forces invented by M. Frony has for its 
object to trannnit the action of the first mover of a machine in 
such a manner, that the resistance opposed to the first mover 
luay be speedily and easily varied, that it may be rendered 
constant at pleasure, and that the velocity of the machine may 
be permanent, notwithstanding any sudden variations in the 
efibrts of the first mover. 

In the plan and section of the condenser of forces, given in 
Plate VII, Figs. 16 and 17, it is rqpresented as applied to a 
vertical arbor O O, to which the sails of >i wind-mill are adapted ; 
eeee (Fig. 17) is an assemblage of carpentry, of which one of 

^ An account of the ingenious contrivance by Mr. Woolf, as a substitute for a 
Fly, wUI be found in iVtcWtofi*« Journal, 8vo, No. 23, and in the Edinburgh En- 
cyclopadiay AtU MedumkMy yoL xtii, p. S90. 
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the radii O e camet a curved piece 6 d of iron or steel ; Tortical 
axet of rotation aaa being placed round the axis 00, also 
divide the circumference in which they are found into equal 
parts. 

. Each of these axes carries a curved metallic piece a/, shewn 

only in one of them, and so situated, that when the wind acta 

^ipon the sails, the curve bd presses against one of the curves 

^ afy and causes the vertical axis to which this last curve is fixed 

to perform a part of a revolution. 

The curves b d and af must be so arranged, that when b d 
ceases to pr^s on one of the curves ajj it shall at the same in- 
stant begin to act upon the succeeding curve. The number of 
axes which are furnished with these curves must be determined 
by the particular circumstances of each case ; and we may also 
substitute instead of 6d a portion of a toothed wheel having 
its centre in the axis O 0, and use portions of pinions instead of 
the curves af, but the mechanism represented in the figure is 
preferable. 

Each of the axes a a a a (which are all fitted up alike, though, 
for the sake of clearness, only one of them has its appsratus re* 
presented in the figures) carries upon it a drum co* pull^^^r r 
(Fig. 16), on which is wound a cord that passes over a pulley p, 
and serves to support a weight Q by means of the lever F Gj 
upon which this weight may slide and be fastened at different 
distances from the centre of motion 6. 

The same axes a a pass through the pinions gj, to which 
they are not fixed ; but these pinions carry clicks or ratchets ^ 
which bear against the teeth r r, so that when the weight Q 
tends to rise, the ratchet gives way, and no other effect is pro- 
duced on the pinion q q either by the motion of the axis or of 
the drum Hrr, excepting that which causes the^asoait of the 
weight Q, but the moment that the curve or tooth id ceases 
to bear against one of the curves af, after having caused the 
corresponding weight Q to rise, that weight Q tends to re^de- 
scend, and then the toothed wheel r r acts against the ratchet, 
so that Q cannot descend without turning the pinion qq along 
with the drum ttrr. 

The pinion q q works in the wheel A B, from the motion of 
which the useful effect of the machine immediately arises ; so 
that the effect of the descent of one of the weights Q is to put 
the wheel J B in motion^ or to continue the motion in concur- 
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Tence with all the other weights Q which descend at the same 
time. l%e wheel J B carries beneath it oblique or bevelled 
teeth C D^ which work in a mmilar wheel C E^ and cause the 
buckets at P to rise by means of the rope and pulley on the 
axis of the wheel C E. 

'From this description it will be seen that if the machine is 
supposed to startfvomastateof rest, the wind will at first raisea 
nuiaber of w«ghts Q sufllcient to put the machine into motion, 
and will continue to raise new weights, while those before raised 
have fallen, so that the motion once impressed will be con- 
tinued. It follows that no violent shock can take place in any 
part of the mechanism ; and that the useful elket being propor- 
tioned to the number of weights Q, which descend at the same 
time, this effect will increase in proportion as the wind becomes 
stronger, and causes the sails to 'turn with greater velocity. 

As the weights Q are moveable abng the levers F G, they 
may always be placed in such a manner as to obtain that ratio 
between the power and the resistance, which will produce a 
maximum effect. Hence it follows that advantage may be 
taken of the weakest breezes of wind to obtain a certain pro- 
duct in circumstances, under which all other wind*mills are in 
a state of absolute inactivity. This advantage, says M. Prony, 
is of great importance, particularly with regard to agriculture ; 
the vrind*nnlk employed for watering land are sometimes in- 
.active for several days, and this inconvenience is more par- 
ticularly felt in times of drought. A machine capable of 
moving with the slightest breeze must therefore offer the most 
valuable advantages. See Jnnales des Arts et Manufactures^ 
torn, idx* 

J/r. Samuets Conirivance ^fbr Regtdaivng the Action of Horses 

when driving MacMnery. 

This contrivance was invented by Mr. Walter Samuel, smith 
at Niddrey, Linlithgowshire, and is now in actual use in many 
thrm^ing-mills in Scotland. It is represented as applied to 
a thrashing-machine driven by four horses in Plate VII, 
Fig. 18, and to a machine driven by six horses in Fig. 19- 

In Fig. 18, which is a plan of the perpendicular axle and 
levers, A A represent the axle or shaft, in which are fixed the 
levers or arms, jB, jB, jB, B, that carry the great wheel, and by 
which the machine is turned round when working. 
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C C are two firMiiefl fixed in the axle J, and supported bj 
the arms B. Upcm these frames are placed the two shifto^ 
blocks 11 and 14, which are eafiily moved eidier inward to the 
axle Jf or outward from it. In each of these iihift]iig4>kKk0 
are placed two running sheaves. 

Z) 2) is an endless rope os chain, which passes over the two 
sheaves that are placed in the 8hUting4aloeks al the ends IS 
and 13. By this ropd the blocks are so cooneetedy that whm 
one is pulled outward from the axle A^ the other is pulled in- 
ward alternately. 

EyE axe two sheaves by which the rofe DD is kept clear 
of the axle J^ when turning round; 

E, F and E^F are ropes whieh pass over the sheaves that 
are placed in the shifting-Uodts at the ends 11 and 14i. Upon 
each end of the ropes FF is fastened a small blocks in wUdi 
are placed the running sheaves 6, Gf 6, G, and over tihese 
sheaves pass the double ropes by whidi the horses pull when 
working the machine. 

Hy If Ky Ly My N, and 0, P rqivesent the limbers, wluch 
are fixed with screw-bolts, near the extremity of the arms B, B. 
In each of these limbers are placed two nininBg sheaves^ wbieh 
conduct the n^s with th^ hooks to the line of ^nau^t 

Each horse is yoked to two hooks, asl,9;8, 4;5^6;7, 8; 
which are fastened oa the regies that pass orer the sheaves 
G, Gy Gy G ; the sheaves having hberty to turn on their axes. 
By this means the draught will always press the collars equally 
upon the horses^ shoulders, whetha* they incline \o pull out* 
ward from the centre of their walk, at inward to that centre. 
And therefore, though the horses are walking in a aide, yet 
the strain of the draught must press fair on their shoulders, 
without twisting to either side. This advantage cannot be ob-* 
tained in the ordinary way of yoking the horses in a thrash- 
ing-machine, unless the draught-chains on each side of the 
shoulders be made in exact proportion to the diameta: of the 
circle on which they walk ; or the chain next tp the centre of 
their walk made a degree shorter than the one farthest fnmi it, 
which is often neglected. « 

The draught-ropes being thus all connected by the endless 
rope D Dy and the shifting-blocks having liberty to move, 
either inward to the axle A^ or outward from it, it follows, 
that if one of the horses relax, the other horse must inime- 
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diatdiy.pras the oolkr to his shoulders, and by this tnetins he 
is excited to exertion. Fear instance, if the horse yoked to the 
hooks at 1, 2, were to relax, then the one yoked at fi, 6, would 
instantly take up his rope, and pull the collar dose to his 
shoulders, so that the horse at 1, ^, must either exert himself, 
or be pulled backward. And supposing the hcNrser at 1, 2^ and 
£, 6, both to relax, then the exertions of the hcnrses at S, 4^ 
,and 7, 8, would pull the shiftiQg-blocks from 11 toward 14^ 
which would tend tb drag the horses at 1, 8, and £, 6, back- 
ward, and force them to exertion : So that each horse spurs 
up his companion in consequence of being all connected by the 
ropes and shiflting*hlocks. Thus the exertion of all the hone$ 
oompl^ely round the drde is united, so as to form mie power 
applied to the machine, instead of as many independoit powers 
as there are horses employed. 

As it may sometimes be convenient to employ fewer horses 
than the whole number of which the machine admits, this is 
provided, for so as still to unite the power of the horses that 
are employed. Upon the rope F is fastened an itoa hook, 
which is hooked into the eye of a bolt fixed in one of the anns 
as at jS, and thus the horse at 7, 8, is left out of the circle, 
whilst the power of the horses at 1, 2 ; S» 4 ; 5, 6, are still 
united. 

In Fig. 19, which is a plan of the perpendicular pi^te YII, 
axle and levers of a thrashing-machine driven by six ^MS* l^* 
horses, A is the axle in which are fixed the arms B, B, B, B, 
B, B, which carry the great wheel, and upon these arms are 
fixed with screw-bolts the limbers, in each of which are placed 
two sheaves, that conduct the draught-ropes or chains to the 
line of draught. 

C, 2>, E, are three frames fixed in the axle ^, and support- 
ed by the arms B. Upon each of these frames are placed a 
shifting-iblock 1, 4, 6, having freedom to move either inward to 
the axle Aj or outward from it. Into eadb of these shifting- 
blocks are placed two running sheaves, over three of which 
passes the endless rope or chain 7, 8, 9. Thus the three blocks 
with their sheaves are so connected, that if any one is pulled 
outward from the axle A, the other two blocks must shift in- 
ward. 

There is also a rope which passes over each of the sheaves ^^^ 

that are placed in the shifting-blocks at 1, 4, 6* And upon the 
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ends of these ropes, at 10, 11, 12, 13, 14, aiid 15, are fastened 
a small block with a running sheave in each, and over these 
sheaves -the ropes or chains pass, by whidi the horses pull or 
draw, when working the machine. 

F, G; H, I; K,L; M, N; O, P; and Q, R, represent 
the limbers fixed on the arms J7, with screwed bolts. Into each 
of these limbers are placed two running sheaves, which direct 
the ropes 10, 11, 12, 18, 14, and 15, to the line of draught. 

Each horse is yoked to these ropes by the hooks at A', Ty IT, 
F, IT, and X. Thus, by the endless chain, shifting-blocks, 
and running sheaves, ail ^e ropes by which the horses pull are 
connected, and of course the power of all the horses is umted, 
"whatever number may be employed. This apparatus will ap- 
ply to two horses, or to any greater number that may be found 
necessary. 

See Mr. SamuePs pamphlet, entitled " Account of a New 
Apparatus for Yoking Horses in Thrashing Machines,'^ JBdin. 
1811, from which we have taken the preceding descriptions ; 
also the Farmer's Magazine, vol xi, p. 492, and vol. xiii, 

p. 279. 

An account of various other contrivances for regulating ma- 
chinery will be found in the Edinburgh Encydopasdia^ art. 
Mechanics, vol. xiii, p. 689j &c. 



CHAPTER VL 

ON THE MAXIMUM EFFECT OF MACHINES. 

\Vhen any power is made to act in opposition to a given resist- 
ance, by the intervention either of a simple or a compound ma- 
chine, an equilibrium will take place when the velocity of the 
power is to the velocity of the resistance as the weight is to the 
power. In this state of things, however, the machine must be ac- 
tually at rest, and therefore incapable of performing any work. 
If we can increase the power, the machine will move with more 
and more velocity, and will have its motion gradually acceler- 
ated as long as the power exceeds the resistance. But if from 
any cause the power should begin to diminish, or if the resistance 
should increase, or if both these changes on the state of the 
machine should take place at the same time, the acceleration of 
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the luackhie vUlduninisfa, and it will at last arrive at a state of 
unifonn motion. Now, this increase of resistance may arise in 
maQj cases from an increase of friction, which often (though 
not always) accompanies an augmentation of velocity; or it 
may arise from the resistance of the air, which must necessarily 
increase with the velocity ; and therefore all machines are 
found soon to attain a state of uniform motion. When an 
undershot wheel is driven hy the impulse of water, the uni- 
formity of motioa to which it arrives, arises principally from 
the diminution of the power which in this case accompanies an 
increase of velocity. When the mass of fluid strikes one of the 
float boards at rest, the impulse is then a maximum. When 
the float-board is in motion, it withdraws itself,^ it were, from 
the action of the power, and therefore its mechanical efiect will 
diminish as the velocity increases, and if it were possible that 
the velocity of the wheel should become equal to that of the 
fluid, the float^board would not be struck at all by the moving 
water. Hence it follows, that the power itself diminishes by 
an increase of velocity, and therefore that from this cause alone 
machines in general would soon acquire a motion sensibly uni- 
form. This efiect will be more easily understood, if we sup^ 
pose an axle to be put in motion by two currents of water, 
moving with diflferent velocities, and driving two wheels, one 
of v^hich is placed at each extremity of the axle* When the 
wheels have begun to move, by the joint action of these falls 
of vrater, the mption will at first be slow, and each fall of water 
will perform its part in ^ving motion to the axle ; but if the 
greater fall is capable, by the continuance of its action, of giv^ 
ing its wheel a velocity either equal to or greater than the ve^ 
locity of the smaller fall, then it is manifest that the smaller 
fall ceases to impel its wheel, and that the whole effect is pro- 
duced by the action of the greater fall. - Hence it is easy to 
understand from this statement, not only why a diminution of 
the impelling power accompanies an increase of velocity, but 
why th^e is a certain velocity of the machme, which is neces- 
sary before we can gain all the useful effect which we wish to 
have from the powers which we employ. 

In order to illustrate this, in the case of a real machine, let 
us suppose that the power of a man is to be employed in rais- 
ing a load, by means of the machine or walking crane. This 
machine consists of a large wheel placed upon an axis, round 
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which IB ocnled a rope, to the lowei* extretnity of ^kh a 
weight or renstance is attached ; the man walks upon the in- 
terior of the wheel, and by his weight gives it a rotatoty mo- 
tion, and therefore ccnls the rope round the axis, and elevates 
the weight Let us suppose that the drum or wheel is so con- 
structed, like the fusee of a watch, that the man can Walk to 
different distances from the axis ; and let P be the power or 
weight of the man, R the weight to be rdsed, and y the radius 

Py 
of the axle ; then since RiP^=iyi -^, the distance from the 

cetitre of the wheel, at which the man must place himself, in 
cMrder to be in equilibrio with the resistance R. But as the 
machine must be^tnoved, and the weight raised, the man must 

p y 

go to a greater distance from the axis than —S- ; the motion of 

the machine will therefore accelerate, and the acceleration 
would increase if he moved to a greater and greater distance 
from the centre of the wheel. Hence it is obvious, that as the 
acceleration increases, the man must walk with g;reater and 
greater velocity ; but there is an obvious limit to this, for he 
would soon be fatigued by the rapid walking, and would there- 
fore be rendered unfit to continue his work. He must there- 
fore return to that distance ftom the axis, where the wheel has 
such a velocity that he can continue to move with that velocity 
during the period that his work is to last There is therefore 
a particular velocity with wluch the man must walk, in order to 
perform the greatest quantity of work ; and it would be easy 
to find this, if we knew the law according to which his force 
diminished as his velocity increased. We may suppose, how- 
ever, that his force diminishes in the same ratio as^his velodty 
increases. 

Let P represent the force which a man at rest can exert 
during a given time against a weight or load. This force will 
obviously be greater than any which he could exert when in 
motion ; for a part of his strength is expended in putting him- 
self in motion, and in continuing it Let V be the velocity at 
which he would lose the power of exerting any force; then if 
he moves with any velocity *o less than T, he will obviously lose 
a part of his maximum force P, and the part lost will be found 

Pv 
from the hypothesis, by the analogy F : » = P : -y* The 
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md fbroe^ tfaerefdi^ wfakh he esMs against the ivcight will be 

P j—, or, by separating its two factors, P (l — -jtY Now, . 

if or is the length of lever by which this force acts, R the resist* 
aiice dr weight raised, ^ the radius of the axle, and U the ve- 
kxnty -oi the weight ; then when the machine has obtained a 

uniform motion, we shall have P ^1 — — ) x = Ry ; but 

once X I y = v : U, we have by substitudon P (l — —\ 
Vzs=S X 17, which is the equation to a circle, and this tf ect 
ynH be a maximum when i^ = — ; and substituting this valye 

PV 

of r, we shall have 11x17 = — - ; that is, the man will do 

moist work when he moves with half of his greatest velodty, 

PV 

and in that case the greatest effect will be *----. 

• • ^ 

It appears, however, (torn direct experiments, that the force 

of a man diminishes as the square of his velocity increases ; and 

Pv^ 
therefore we must take F* : »• = P : -r:j-, and then we shall 

have the fimnulu 

P(l-y)*T» = J2(7, 

an equation to a parabola, which will be a maximum when 

V 4P . 

V =r — , and R U= — - ; that is, the fiitoe of a man, or any 
3 9 

other animal, will be a maximum when they move with a velo- 
city eqval to one-third of their greatest velodty, and when the 
load is |ths of the greatest load which they are able to put in 
motion^ 

Having thus considered the maximum effect of living agents, 
we shall proceed to the subject of machines, and shall take the 
case of a wheel and axle, as almost all other machines may be 
oon^dered as reduced to this. 

It would be inconsistent with the nature of this work to 
^ve the investigation of the formula from whidi the follow*^ 
ing table is computed. It meif be suiBcient to state, that Ur. 
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Bobbon has Aewn that the ratio of the ppver to the reastanoe 
when the eflFect is a maximum, is represented by the formula 

fj = a; -- + 1 — 1, where x represents the radius of the 

wheel to which the power is applied, and y that of the axle by 
which the resistance acts. The inertia of the machinery and 
the friction are supposed to be very small, which is the case 
in pulleys and simple machines. In the table x is supposed 
to be 1, and R IQ. 

TahU containing the best Proportions between the Velocities of the Im-- 
pelted and Working Points of a Machine, or between the Levers b^ 
which the Power and Resistance act. 



Proportional 

Tslueof th« 

impeUing 

power, or P. 



1 

2 
3 
4 
5 
6 
7 
8 

9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 



Value of tlie vdodtiM of 

the woridog point, or 

jp, or «f the lever by 

which the resiatance 

aettjtlMtof xbetng 1. 



0.048809 
0.095445 
0.140175 
0.183216 
0.324745 
0.264911 
0.303841 
0.341641 
0.378405 
0.414211 
0.449138 
0.483240 
0.516575 
0.549193 
0.581139 
0.612451 
0.643168 
0.673820 
0.702938 



Pnpottiood 

vkliieof the 

impdling 

power, or P. 



20 
21 
22 
23 
24 
25 
26 
27 
28 

29 

30 

40 
50 
60 
70 
80 
90 
100 



Value of the veloeitiei of 
the working point, or 
j/, or -of the lever bj 
iriiich the resistance 
acts, tlutt of « being 1 



0.732051 
0.760682 
0.788854 
0.816590 
0.843900 
0.870800 
0.897300 
0.923500 
0.949400 
0.974800 
1.000000 
1.236200 
1.449500 
1.645700 
1.828400 
2.000000 
2.162300 
2.316600 



In order to uoderstand the method of using the preceding 
Table> let us suppose that we wish to raise two cuUc feet of 
water in a second, by means of the power ci a stream which af- 
fords five cubic feet of water in a secojid, a]){died to a wheel 
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and axle, the diameter of the wheel bang 7 feet. It ig re- 
quired, therefore, to find the diameter which we must ^ve to 
the axle, in order to obtain a maximum effect. We have ob- 

. ' '6 

viously P = 5, and R=z2 and P^z-^ R ; but, in the above 

5 
table, Jl =: 10 : hence. P = g- 10 =r 26. Now, it appears from 

the table, that when P = £5, the diameter of the axle, or y, is 
0.8708 when ^ = 1 ; but as a? = 7, the diameter of the axle 
must be 7 X 0.8708 = 6!0956. 

When a machine is already constructed, the velocities of its 
impelled and working points are determined ; and therefore, in 
order to obtain from it its maximum effect, we must seek for 
the best proportion between the power and the resistance, as 
these are the only circumstances over which we have any con- 
trol, without altering the machinery. 

The following table is computed from Dr. Robison'^s formula 

Table cotUaining the best Proportions between the Power and the Re- 
sistance, the inertia of the^ Impelling Power being the sjome with 
its pressure, and the friction and inertia of the Machine being 
omitted. 



Values of y, or 

the velocity of 

the worlung 

point, X being 

equal to 1. 


Vahies of R, 

or the resist- 

anoeto be 

overcome, 

P being = 1. 


Ratio of R to the 
resistance wMch 
would balance P. 


Values of 3/, or 

the velocity of 

tiie working 

point, X being 

equal to 1. 


Values of R, 

or the re8ist> 

ance to be 

overcome, 

Pbeingsl. 


Ratio of R to the 
rcrirtanoe which 
would balance P. 


4 

1 

2 
3 
4 
5 
6- 


1.8885 
1.3928 
0.8988 
0.4142 
0.1830 
0.1111 
' 0.0772 
0.0580 
0.0457 


0.4724 to 1 

0.4639 

0.4493 

0.4142 

0.3660—^ 

0.3333 

0.3088 

0.2900.. 

0.274%—— 


7 
8 
9 
10 
11 
12 
13 
14 
15 


0.03731 
0.03125 
0.02669 
0.02317 
0.02037 
0.01809 
0.01622 
0.01466 
0.01333 


0.26117 to 1 
0.25000 
0.24021 
0.23170 

a22407 * 

0.21708 
0.21086 
0.20524 
0.19995 



In order to understand the method of using this Table, let us 
suppose that it is required to find the value of the resistance, 
ar the quantity of water which must be put into a bucket to be 
raised by a wheel and axle, in which the radius of the wheel is 
6 feet, and that of the axle 2 feet, and with a power = 8. 

1 

Since, in the table, «• = 1 , we have ^ = — = — which corre- 

D 3, 
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sjfMiids in the^ table to L898B, the valut of SL whep P r:«^ L. 
But, in the preaeBt case^ P »«: 8, caoneequently 1 : 8 «*» 1.891)8 : 
11.1424, the value of R iriien P » 8. 



CHAPTER VII. 

ox imiXEL-CA REX AGES. 

■ 

Wheel cat- Mb. Fkrguson, ID his fourth lecture, has treated 
"■8^' the subject of wheel-carriages with great perspicui tj, 

and has communicated much practical information of consider- 
able importance. Many of the prejudices, however, which he 
has there endeavoured to remove, and several others which have 
escaped his notice, still continue to prevail in this country ; and 
as some of these have been countenanced even by ingenious 
men, we are laid under a more urgent necessity, of attempting 
to.develope the source of their errors, and of regulating the 
practice of the mechanic by the deductions of theory. The 
very assistance which theory has, in this case, furnished to the 
artist, has been rendered not only useless, but injurious, by an 
erroneous application ; and we may safely afSrm, that there is no 
species of machinery where less science is displayed than in the 
construction and position of carriage-wheels. The few imper- 
fect hints, which we are able to convey upon this subject, regard 
the formation and position of the wheels, the line cf traction, 
and the method of disposing the load which is to be drawn. 

On the Size and Form of Carrtage-'Wheels. 

WhccU act When the wheels of carriages either move upon 
as xnodiaBi* a level surface, or overcome obstacles which im> 
cal powers, p^^ i[\mx progress, they act as mechanical powers, 
and may be reduced to levers of the first kind. In order 
Plate VIL ^ elucidate this remark, let A be the centre, and 
Fig. 20- BC N the circumference of a wheel 6 feet in dia- 
meter and let the impelling power P, which is attached to the 
extremity of a rope AD P^ passing oyer the pulley J9, act in 
the horizontal direction A D. Then, if the wheel is not affected 
by friction, it will be put in motion upon the level surface M B, 
when the power P is infinitely smalL For since the whole 
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weight of the wheel retts on the ground at the point B^ wUdi 
is the fulcrum of the lever A B, the distsnce of the waght from 
the contreof motion will be nothing, and therefore the meohani- 
oal energy of the smallest power P, acting at the point J, with 
a length of lever A B^ will be infinitely great when compared 
Willi the resistance of the weight to be raised ; and this will be 
the case, however small be the lever A Bf and however great be 
the weight of the wheel. But ba the wheels of carriages are 
cc«i8tantly meeting with impediments, let C be an obstacle 6 
inched high, which the wheel is to surmount. Then the spoke 
A C will represent the lever, C its fulcrum, A D the direction 
of the power ; and if the wheel weighs 100 pounds, we may re- 
present it by a weight W fixed to the wheePs centre Aj or to 
the extremity of the lever C A, and acting in the perpendi- 
cular direction A B, in opposition to the power P. Now, the 
mechanical energy of the weight W to pull the lever round its 
fulcrum in the direction A E^ is represented by C £, while the 
mechanical energy of an equal weight P to pull it in the op- 
posite direction ul F, is represented by CF; an equilibrium^ 
therefore, will be produced, if the power P is to the weight W 
as C JE to C F, or &s the sine is to the cosine of an angle, whose 
versed sine is equal to the height of the obstacle to be sur* 
mounted ; for E £, the h^ht of the mound C, is fhe versed 
sine of the angle B A Cy and CE is the sine, and CF the 
cosine of the same angle. In the present ease, where £ J3 is 
inches, and AB S feet, E B, the versed sine, will be 166, &c. 
when AB is 1000 ; and, consequently, the angle B AC wfll 
will be dSP 83', and CJ? will be to EF as 52 to 8d, or as 66 
to 100. A weight P, therefore, of 66 pounds, acting in a 
horizontal direction, will balance a wheel 6 feet diameter, and 
100 pounds in weight, upon an obstacle 6 inches high ; and a 
small additional power will enable it to surmount that obstacle. 
But if the direction A Dof the power be indinell to the horizon, 
so that the point 2> may rise towards jET, tlie line F C, which 
represents the mechanical energy of P, will gradually increase, 
till D A has reached the position H A^ perpendicular to A C, 
where its mechanical energy, which is now a maximum, is re- 
presente'd by A C the radius of the wheel ; and since JE C is to 
C^ as 53 to 100, a little more than 53 pounds will be sufficient 
for enabling the wheel to overcome the obstacle. 
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Proceeding in tlm way, it will be giuad that die power of 
wheels to surmouDt ' eminences increases with their diameter, 
and ia directly pn^rtional to it, when thnr w^ght remains 
the same, and when the direction of the power it, perpendicular 
to the lever which acts agunst the obstacle. Hence we ae« 
the great advimtages which are to be derived from lai^ 
wheels, and the disadvantages which attend small ones. There 
AdTMttogn "^ ^""'^ circumstances, however, which confine 
ofla^ us within certain limits in the use of large wheels. 

When the radius AB o( the wheel is ^eater than 
X>Jtf the heij^it of the pulley, or of that part of the horse 
to which the rope or pole i) ^ is attaclied, the direction of 
the power, or the line of traction J D, will be oblique to the 
horizon, as Adf and the mechanical energy of the power will 
be ooly jt e, whereas it was represented by ^ £ when the liae 
of traction was in the horizontal line D A. Whenever the 
radius of tlie wheel, therefore, e'x.c^eAiJhurJiet and a htdf, the 
height of that part of the horse to which the traces should be 
attached,' the line of traction A D will incline to the horizon, 
and, by declining from the perpendicular A H, its mechanical 
^ort will be diminished ; and, since the load rests upon an in- 
clined plane, the tramsy or poles of the cart will rub against the 
flanks of the horse, even in level roads, and still more severely 
in descending ground. Notwithstanding tins diminution of 
force, however, arising from the unavoidable obliquity of the 
llie impelling power, wheels exceeding four and a half feet ra- 
dius have still the advantage of smaller ones ; but their poweF 
to overcome resistances does not increase so fast as before. 
Hitherto we have supposed the weight of the large and small 
wheels to be the same ; but it is evident, that, when we aug- 
ment their diameter, we add greatly to their weight ; aud, by 
thus increa^ng the load, we sen^bly diminish their power. An- 
other disadvantage of large wheels is to increase the risk of over- 
turning the carria^, by the elevation of the centre of gravity. 

Dr. Young* has remarked, that if the cur\-ature of the ob- 
stade to be overcome should happen to be intermediate be- 

' Aecording to M. Couplet, tbc diatance of this put of (he hoiae S/om the ground 
is eenenJly iirce fitt and a huif. (.Mem. rfe CAtad. Parii, 1733, Ovo, p. 75). In 
hones of a common liie, however, it is seldom belowybur Jcet and a half. 

■ LttiuTit m XMarat Pliiiii»»piy, vol. i, p. 319. ' 
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tween those of a larger and a smaller wheel ; then in this case« 
the larger wheel will touch a remote part of the obstacle, so 
that the path of the axle will form an abrupt angle, while the 
sidaller wheel following the curve of the obstacle produces a 
more equable motion. This, however, Dr. Young adds, is a 
case of rare occurrence, and an advantage of little importance. 

The advantages of large wheels are particularly great, as Dr. 
Young has remarked, in soft and boggy soils, and in. sandy 
countries, ^md he finds that the resistance which is in these 
cases opposed to the motion of a given wheel, may be reduced 
to one half, either by making the wheel a little less than three 
times Bs high, or by making it eight times as broad as the given 
wheel. Camus in his Traite des Forces Maiwcmies, has given 
-an account of a great number of experiments on the superiority 
of large wheels, under a variety of circumstances. 

From these remarks, we see *the superiority of great wheels 
over small ones, and the particular circumstances which suggest 
the propriety of making the wheels of carriages less than 44 
feet radius. Even this size is too great, as we shall afterwards 
shew, when speaking of tlie line of traction ; and we may safe- 
ly assert; that they ought never to exceed 6 feet in diameter, 
and should never be less than 3^ feet When the nature of the 
machine will permit, large wheels should always be preferred, 
and small ones should never be adopted, unless we are com- 
pelled to employ them by some unavoidable circumstances in 
the construction.^ This maxim, which has been inculcated 
by every person who has written on the subject, seems to have 
been strangely neglected by the practical mechanics of this 
country. The fore-wheels of our carriages are still 
unaccountably small, and we have seen carts moving ^heeU of 
upon wheels scarcely Jburteen inches in diameter, carriages too 
The workman, indeed, will tell us, that, in the one '°^* 
case, the wheels are made small for the conveniency of tumiijg, 

' Por the advantage of those who wish to study this subject with greater attea- 
tion, and with the view also of recommending the use of large wheels, we shall sub- 
join the following references to the works of eminent men, who have held the same 
opinion upon this point : Mersennus* Geomet* p. 469 ; Herigon, Mecaiu prob. xvi, 
Schol. ; Wallls' Mecan, c. vii, prob. 3, Schd. § 15 ; Phil, Trans, vol. xv, p. 85G ; 
Camua* Traite det Forces Mouvantes, prop, xxviii, xxx ; and Deparcieux Sur U 
Tirage dee Ckcvauxy in the Mem, de VAcad, Parity 1760, p. 263, 4to. . 
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and, in the other, for facilitating the loading of the cart ; but 
how trifling are these advantages when compared with that di- 
tninution of the horses^ power which necessarily results from the 
use of small wheels. A convement place for Cuming with large 
|(Nre-wheels, which is not frequently required, may be procured 
by going to the end of a street ; and a few additional turns of 
a windlass will be sufficient to raise the heaviest load into carta 
which are mounted upon high wheels. It has been objected 
against large fore-wheels, that the horses, when gmng down a 
dedivity, cannot so easily prevent the carriages from running 
downwards ; but this very objection is an acknowledgment that 
large fore^wheels are advantageous, both in horizontal and in- 
clined planes, otherwise their tendency downwards would not be 
greater than that of small ones.^ 

On the form Having thus ascertained the superiority of large 
of the wheels, wheels, we are now to determine the shape which 
ought to be given to them. Every person, who is not in^. 
flfuenced by preconceived notions, would affirm, without hesi- 
tation, that, if the wheels are to consist ci solid wood, they 
^ould be portions of a cylinder ; and if they are to be com- 
posed of naves, spokes, and fellies, that the rim of die wheel 
ought to be cylindrical, and the spokes perpendicular to the 
luives. But mechanics have renounced this simple shape, and 
adopted the more complicated form of Fig. SI, where the 
rim Bar A is conical, and the spokes inclined to the naves.* 
Philosophers, too, have found a reason for this change, and 
it has been adopted in every country, more from the au- 
thority of names, than the force of argument.® It is with 
the greatest diffidence, however, that we presijme to contra- 
dict a practice which has been defended by the most celebrated 
mechanics. 

^ From some ezpetiments on wheel-catriages, Mr. Walker conceiTes that the 

greatest advantage vas obtained when the hind- wheels were 6 feet 6 inches in diaxue- 

ter, and the fore ones 4 feet 8 inches, whereas the large wheels are, in general, only 

'4 feet 8 inches, and the small ones 3 feet 8 inches. Syatem of Familiar PhUotophy^ 

vol. i, p. 130. 

* This indmation is about 1 inch in 11, or u4 ts generally 3 inches i^en the dia- 
meter of the wheel is 5| feet. 

• I have seen some carriage -wheels, in which one half of the spokes were indined 
about one fourth more than the other half, every alternate spoke b«ng equidly in- 
clined to the axis. The reasons fbr such a c<mstTuction it is not easy to'discover. 
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The £ona r€|)reseiited in Fig. SI is liable to two AdtssugM 
ob|ec(toii0) namely, the incliiuttion of the spokes, anddindvu- 
aad the oomcidi figure of the dm. When the spokes c»v«dLdog' 
fire inclined to the naye, the wheels are said to be ^i>«^ 
concave^ or dishing^ and thej are reoommended by Mr. Far* 
guBon, and ^veiy other writer on mechamos, from the numer«> 
ous advantages whidi are said to attend them* By extend- 
ing the base of the earriage, they prevent it from being 
easily overturned ; they hinder the fellies from rubbing against 
the hoad or the sides of the out ; and when one whedi falls into 
a mt, and therefore supports more than one4ialf of tlie load, 
the spokes are brought into a perpendicular position, which 
renders them more capable of supporting this additional weiglit^ 
Now, it is evident, that the second of these advantages is very 
triffing, and may be obtained when it is wanted, by iaterposii^ 
a piece of board between the wheel and the load. The other 
two advantages exist only in veiy bad roads ; and if they an 
necessary, wfaicfa we very much question, in a country like this, 
where the roads are so excellently made, and so regularly re* 
paired, they can easily be procured by making the axle^treC/a 
few inches longer, and increaaing tl>e strengdi of the spokes. 
But it is allowed, on all hands, that perpendiciilar spokes are 
preferable on level ground. The inclination of the incUnaiioa 
spokes, therefore, which renders coacave wheels e^^iie ftpoktt 

, .. , T , , disadvan- 

advantageoufi in nigged and unequal roads, ren* tageous ki 
ders them disadvantageous when the roads are in g^neraL 
good order; and where the go6d roads are more numerous 
than the bad ones, as they certainly are in this country, the 
<]isadvantages of concave wheels must overbabsce their advan- 
tages. It is true, indeed, that in concave wheels, the spokes 
are in their strongest position when they are exposed to the 
severest strains ; that is, when one wheel is in a deep rut, and 
siastains more than one half of the load ; but it is equally true, 
diat in level gronnd, where the epckea are in their weakest 
position, a less severe strain, by continuing for a much longer 
time, may be equally, if not more, detrimental to the wheel.® 

^ See Desaguliers* Naiwral Pkikaophy^ voL i, lect. 4, prop, xxv, or Camus* 
7V««r4 dea Forte* Mouvantes^ chap, iv, lect. b, which Desaguliers has copied. 

- ' Mr. Ajudoe, in his exceUent treatise en wheel-caniageS) reocHiimends concave 
W^tdtf but candidly dlo«a» that '< sonM disfidyAaUiget attend thja oontiivance ; 
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Aad mon I^ ^^ observed, that concare wheek scte more 
expennve. expensive than plain ones. This additional ex-* 
pense arises from the greater quantity of wood and workmaiw 
ship which the former require ; for, in order that diahii^ 
wheels may be of the same perpendicular height as plane ones, 
the spokes of the former must exceed in length those of the 
latter, as much as the hypothemise oA of the triangle' o J m 
exceeds the side o ^ (Fig 21) ; and therefore the weight and the 
resistance of such wheels must be proportionally great. The 
inclined spokes, too, cannot be formed or inserted with such 
facility as perpendicular ones. The extranity of the spoke 
which is fixed into the nave is inserted at right angles to it, in 
the direction ojp, and if the rims are cylindrical,^ the.other ex- 
tremity of the spoke should be inserted in a similar manner, 
while the intermediate portion has an inclined position. There 
are, therefore, two flexures or bendings in the spokes of con- 
cave wheels, which require thefn to be formed out of a larger 
piece of wood than if they had no such flexures, and render thenar 
liable to be broken by any sudden strain at the points of flexure. 
In' the comparison which we have now been stating, betwe^i 
the merits of concave and plane wheels, we have taken for 
granted what has been uniformly stated by the advocates of the 
former, that when one of the wheels £Etlls into a rut or sur- 
mounts an eminence, the lowest sustains much more than one 
half of the load. Now, though it be true that the lowest wheel 
support's more than one half of the load, yet we deny that it 
bears so much as has generally been supposed,^ and we may 
prove the assertion, by pointing out a method of ascertaining 
the additional weight which is transferred to one wheel by any 
, given elevation of the other. Let -4 Jf O C (Fig. 2*) 

Proportion ^ i i i • i i t 

of the load represent a cart loaded with coals or lime, or any 
borne by each other material which fills it to the top, and let J B^ 

'wbeel when 

one of them is be a horizontal line on the surface of a level road.. 
sunnounting Then, if the wheel A remains fixed, and the wheel 

an eminence. ^ . . i i • i * i • ^ mi 

C IS raised to any height, its lower extremity C wilt 

for the carriage thus takes, up more room upon the road, vrhich makes it more un- 
manageable ; and when it moves upon plain ground, the spokes not only do not bear 
perpendicularly, by which means their strength is lessened, but the friction upon the 
nave and axle is made Unequal, and the more so the' more they are dished.*' 

9 Mr. Ferguson obsenrei (YoL I, p. 76), that the wheel, which ialb into tbt 
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describe the arch B O round the centre J^ while the centre of 
gravity D of &e whole machine and load' will moye in the 
ardh Jv'if round the same centre. Now, let us suppose that 
B»C is an eminence which the wheel C has to siurmount, and 
that it has arrived at the top of it ; it is required to find what 
proportion of the load is sustained by each wheel. Bisect the 
the horizontal line^^i? in e, and from e, draw ed at right 
angles to A B^ and meeting thd arch N M in the point dj join 
A C, Ady A Dy and from the p(»nt D let fall the perpendicu- 
lar 2> jEJ. The poiiit d will be the centre of gravity of the load 
when the points C and B coincide ; that Ib, when the wheels 
are resting on the horizontal plane A B.- For since, in this 
case, each wheel bears an equal part of the wieigfat, the line of 
direction, or a vertical line passing through the centre of gnu 
vity, will cut the base ^ J3, so that A e will be to e i? as the 
weight upon the wheel A to the weight upon C ; and tliore- 
fore e d will be the line of direction, and the point d, where it 
cuts the circle NM, in which the centre of gravity moves, will 
be the centre of gravity of the load in a horizontal position. 
Now as i> is the centre of gravity when the cart is in its in* 
clined position, the perpendicular D E will be the line of di- 
rection, and the weight sustained by the wheel A will be to that 
sustained hy C hb E B to E A^ ot Ee will represent the ad- 
ditional weight transferred upon A^ when A B represents the 
whcde of the load. But E e can be easily determined for any 
vakie of ^ (7, the height of the obstade. For, while the point 
C moves from B to C, the centre of gravity rises from d to 1>, 
so that Rd and B C sore similar arches, and A B, A d, B C, 
are known, A B being the distance between the wheels, and 
A d being equal to the square root of the sum of the squares 
of A Ej the half of -that distance, and d ^ the height of the 
centre of gravity (Eucl. 1, 47), and B C bemg the height of 
the eminence. But since dr, the sine of the arch d JV, is 
known, dN is known, and also D N, the sum of the two arches 
Ddf dN. The cosines A E, Ae, o£ the arches D N^d Ny 
are therefore known, and consequently E e, their difference 
may be determined ; or, otherwise, Eeis the difference of the 
versed sines EN, e N,^ the same arches. Let us now take a' 
particular value ^i B C, or rather of C o, the perpendicular 

lut, bears mucA more of the weight than the other ; and, a little afterwards, that it 
i>€aTS fiioff^ of the weight of the load. 
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height of the etniireiice, and call it IS inches ; for even in the 
worst roads there are few eminmces which are greater thm 
diis. Let A JB, the distance between the wheels^ be Q feet, and 
i e, the height of the centre of gravity, 4 feet, then C o will be 
i of theradiui A B, and making J 5 =r 1000000^ C will be 
166666, whic^, being the natural me of the arch B C,giv«8 
9" S& for the arch B C, and for the siaiilar arch D d, Now, 
since Aei^i feet, and de 4^ feet, the sum of their squares will 
be 25, and its square rcot 5 will be the length of the hypotho- 
nuse A d, or the radius of the cirde N D M. Then,, making 
A d radius, or lOOOOOO, d e, the sine of the arch d iV, will be | 
of it, or 800000 ; and therefore the arch dN will be 53° 8^ 
and the arch D A^ 68^ 4S'. But A £, the cosine of the arch 
2> iV, is =:= 4588»1 = or ^Vc* nearly, of ^ D = 5 feet, and ia 
therefore equal to % feet 3 inches and 6 tenths ; consequently 
Ee=^ Ae — AE will be 8 inches and 4 tenths^ which is 
nearly \ oS AB, We may therefore ccmclude, that the addi* 
tional weight sustained by the wheel A^ while the other wheel 
is rising over an obstacle IS inches in p^^ndiciilar height^ is \ 
only of the whole load, or that \ of the pressure upon the wheri 
C is transferred to the wheel A^ while surmounting an eminence 
18 inches high. If one of l^e wheels falls into a rut 1^ inches 
deep, the same conclusion will result ; ttid we may affirm, that 
as the ruts and eminences which are generally to be met with, 
even in bad roads, are for the most part much less than 12 
inches in depth or height, such a small proportion of the load 
will be transferred to the lowest wheel, that there is no neeeasity 
for inclining the spokes in order to sustom the additional wei^t. 
When the cart is loaded with stones, or any heavy .substanoe, 
the centre of gravity will be lower than d, so that a less 
proportion of the weight will be transferred to one wheel by 
the elevation of the other ; and whsa it is loaded with hay, or 
any light material, the lowest wheel will sustain a greater pro- 
pension of the load. 

Concave ^® ^^ "^^ dismiss the subject of cdncave wheels 

f^iceis easily with one observation more, and we besr the reader^s 
lojQna. attention to it, because it appears to be decisive of 
the question. The obstacles which carriages have to encoun- 
ter are almost never spherical protuberances, which permit the 
devated wheel to resume by degrees its horizontal position. 
They are generally of such a nature, that the wheel is instan- 
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tflHeoasIjr prectpitaled from their top to the level ground. Now 
the momentuni with which the wheel strikes the ground is very 
great, ari^ng fix>in a sucoesnve accumulation of force. The 
velocity of the wheel C is oonsiderable when it reaches the top 
of the eminence, and while it is tumbling into the horizontal 
line A B (Fig. 22), the centre of gravity is falling through the 
aich JD dy and the wheel C is receiving gradually that propor- 
tion of the load which was transferred to A^ till, having re* 
covered the whole, it impinges against the ground with great 
velocity and force. But in concave wheels, the spoke which 
tlien strikes the ground is in its weakest position, and therefore 
much more liable to be broken by the impetus of the fall, than 
die spokes of the lowest wheel by the mere transference of ad* 
didonid weight. Whereas if the spokes be perpendicular to the 
nave, they receive this sudden shock in their strongest position, 
and are in no di^nger of giving way to the strain. 
■ In the preceding observations, we have supposed the rims- 
of the wheels to be cylindrical, as AC^ BD' (F%. 21). In 
concave wheels, however, the rims are uniformly made of a 
conical fisrm, bs Ar, sB, which not only increases the disad- 
vantages that we have ascribed to them, but adds many more 
to the number. Mr. Gumming, in a late trea- q^^^ - 
tise on wheel-carriages, solely devoted to the con. disadYan. 
sideration of this single point, has shewn, with ^^^^ 
great ability, the disadvantages of conical rims, and the pro- 
priety of making them cylindrical. The defects of conical 
rimS' are so numerous and palpable, that it is wonderful how 
diey should have been so long overlooked. Every cone that 
ifi put in notion upon a fiane surface will revolve round its 
vertes, and if force is empl(^ed to confine it to a straight line, 
the smsdler ^parts of the oone will be draggedalong the ground, 
^nd the fiiotion greatly increaised. Now when a cart moves 
upon conical wheels, one part of the cone roUs while the other 
is draggedalong, and thou^ confined to a rectilineal direction 
by external foroe, their naturai tendency to revolve round their 
;rertex occasioos a great and continued friction upon the linch-* 
pin, the shoulder of the axle-tree, and the sides of deep ruts. 

The shape of the wheels being thus determined. We must 
now attend to some particular parts of their construction. The 
iron plates of which the rims are composed should never be less 
than 3 inches in breadth, as narrower rims sink deep into 
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the ground, and therefore injure the roads and fieitigae the 
horses. Mr. Walker, indeed, attempts to throw ridicule upon 
Utility of the act of parliament which enjoined the use of 
bioad wheels, broad wheels, but he does not assign any sufficient 
reason for his opinion, and ought to have known, fliat several 
excellent and well devised experiments were instituted by Bou* 
lard and Margueron,^ which evinced, in the most satisfac- 
tory manner, the great utility of broad wheels. When any 
load is supported upon two points, each point supports one half 
of the weight; if the points are increased to four, each, will 
sustain one fourth of the load, and so on, the* pressure upon 
each point of support diminishing as the. number of points in« 
creases. If a weight, therefore, is supported by a broad sur- 
face, the points of support are infinite in number; and each of 
them will bear an infinitely small portion of the load; and, 
. in the same way, every finite portion of this surface will sus- 
tain a part of tlie weight inversely 'proportional to the number 
of similar portions which the surface contains. Let us now 
suppose that a cart, carrying a load of 16 hundred weight, is 
supported upon wheels whose rims are 4 inches in breadth, and 
that one of the wheels passes over 4 stones, each of them an 
inch broad, and equally high, and capable of being pulverized 
only by a pressure of 400 weight. Then, as each wheel sus- 
tains one half of the load, and as the wheel which passes over 
the stones has 4 points of support, each stone will bear a weight 
of ^00 weight, and therefore will not be broken. But if the 
same cart, with rims only 2 inches in breadth, should pass the 
same way, it will cover only 2 of the stones ; and the wheel 
having now only two points of suppoi:t, eadi stone will be 
pressed with a weight of 400 weight, and wiU therefore be 
reduced to.powder. Hence we may infer, that narrow wheels 
are, in another point of view, injurious to the roads, by pul- 
verizing the materials of which they are composed. 
Practicaa ^^^ ^^ ^^^ ^ wheels wear soonest at itheir edges, 

^^njarks- they should be made thinner in the middle, and 
ought to be fastened to the fellies with nails of ^uch a kind^ 
that their heads may not rise above the surface of the rim. In 
some military waggons, we have seen the heads of these nails 
rising an inch above the rims, which not only destroys the pave- 

1 The memoir vhich contains an account of these experiments, was presented to tha 
Aeademy of Lyons, and is published in the Journal de Phytipx^ torn, xix, p. 424^ 
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ments of stilts; but opposes a continual resistance to the mo^ 
tion of the wheel. If these nails were eight in number, the 
whedi would experience the same resistance as if it had to sur- 
mount 8 obstacles^ 1 inch high, during every revolution. The 
fellies on which the rims are fixed, should, in carriages, be 3^ 
inches deep, and in waggons 4 inches. The naves should be 
thickest at the place where the spokes are inserted, and the 
holes in which the spokes are placed should not be bored quite 
through, as the grease" upon the axle-tree would insinuate itself 
between the spoke and the nave, and prevent that close adhe- 
fflon which is necessary to the strength of the wheel. A very 
great improvement in the nave has lately been made by Mr. 
Morton of Edinburgh, who constructs them all of cast inxs 
with openings ready to receive the wooden spokes. 

On the Position of Carrtage-Wheels. 

It must naturally occur to every person reflecting pontion of 
upon this subject, that the axle-trees should be tlJewheeU. 
straight, and the wheels perfectly parallel, so that they may not 
be wider at their highest than at their lowest point, whether 
they are of a conical or a cylindrical form. In this Digadvan- 
coimtry, however, the wheels are always made con- tagesofbent 
csLYej and the ends of the axle-trees. are univer- "*'**'* 
saUy bent downwards, in order to make them spread at the 
tc^ and approach nearer below. In some carriages which we 
have examined, where the wheels were only 4 feet 6 inches in 
diameter, the distance of the wheels at the top was fully 6 feet, 
and their distance below only 4 feet 8 inches. By this foolish 
practice^ the very advantages which may be derived from the 
concavity of the wheels are completely taken away, while many 
of the disadvantages remain ; more room is taken up in the 
coach-house, and the carriage is more liable to be overturned 
by the contracUon of its base. 

With some mechanics it is a practice to bend the ends of the 
axle-trees forwards, and thus make the wheels wider behind 
than before. This blunder has been strenuously defended by 
Mr. Henry Beighton, who maintains that wheels in this posi- 
tion are more favourable for turning, since, when the wheels 
are parallel, the outermost would press against the linch-pin, 
and the innermost would rub against the shoulder of the axle- 
tree. In rectilineal motions, howeVer, these converging wheels 
engender a great deal of friction, both on the axle and on the 
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ground, and muit therefore be more dieadi^antageoia than pa- 
rallel ones. This, indeed, is allowed by Mr. Beighton ; but 
he seems to found his opinion upon this prinoiide, that aa the 
roads are sekhm straight lines, the wheels should be mom 
adapted for ourvilineal than for rectilineal motion. 

On the Line of Traction^ the Length of Traces, and the Method 

by whidi Horse§ exert their Strength, 

Line of M. Camus, a gentleman of Lorrain, was the fii?st 

TracdoD. person who treated of the line of tractijMi.' He at-* 
tempted to shew that it should be a horizontal line, or rather 
that it should always be parallel to the ground on which the 
carriage is moving, both because the horse can exert his greatest 
strength in this direction, and because the line of draught being 
perpendicular to the vertical spoke of the wheel, acts with the 
largest possible lever. M. Couplet,' however, considenng tnat 
the roads ai^e never perfectly level, and that the wheels are con- 
stantly surmounting small eminences, even in the best roads, 
recommends the line of traction to be oblique to the horizon. 
By this means the line of draught H A, Plate VII, Fig. 90, 
which is by far too much inclined in the figure, will in general 
be perpendicular to the lever A C which mounts the eminence^ 
and will therefore act with the longest lever when there is the 
greatest necesnty for it. We ought tojconsider also, that when 
a horse pulls hard against any load, he always brings his breast 
nearer the ground, and therefore it follows, that if a horizontal 
line of traction is preferable to all others, the direction of the 
traces should be inclined to the horizon when the horse is at 
rest, in order that it may be horizontal when he lowers lus 
breast and exerts his utmost force. If a carriage is drawn 
by several horses, as shewn in Fig. £3, the length of the traces 
has a considerable influence on the draught when the declivity 
changes. The following method of ascertaining and com- 
puting this effect has been given by M. Prony :— 
Disadvan- From the point J5, where the traces are fastened 

tagesof long to the horse next the load, draw E R to the same 
^"^^ point in the second horse R, and let R' be another 

fS. 23. position of the second horse ; it is required to find 
the difference of effect that will be produced by 

^ Traite det Forces Mtrnvunles^ p. 387* 

' Reflexions sur U Tirade des Ckarettety in th« Mem, de VAcad. Parig, 1733» 
8vo, pp. 75» 8fi« 
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f>lAciiig th0 second horse at JS or It^ or the connpantiye 

advantages of short and long traces. From R\ the point 
where the traces are fixed, draw R' F' E ; and from E draw 
Emn parallel to the declivity D A. Take E F = E F' 
to represent the power of the horse in the direction of the 
traces, which will be the same whether he is yoked at iZ or 
at R'; draw E A perpendicular to DA; F n^ F' m parallel 
to E Aj and F (p, F'f parallel to -E ?i. Then since the se- 
cond horse when at R pulls with a force represented by F Ey 
in the direction F E^ we may resolve this force into the tiivo 
forces JE », -E ^, one of which En\% solely employed in drag- 
ging the cart up the inclined plane DA^ while the other £ (p ui 
solely employed in pressing the first horse -E to Uie ground. 
Let the horse be now removed from R to R\ the direction of 
the traces becomes RF' E and F' E = F E is the power 
exerted by the horse at i?' and the direction in which it is 
exerted. But this force is equivalent to the forces Em^ EJ] 
the first of which acts directly against the load, while the other 
presses the horse against the ground. Hence we see the dis- 
advantages of long traces, for the force which draws the load 
when the horse is at R' is to the force when the horse is 
at Ry as Em to En^ and the forces which press the horse 
upon the ground as Ef to E (p, ox q& F' m io F n. Now 
£<p=Fn=jPJ5x sin. n EF ; hence E (p = FE X sin. 
(n jE^ — FEg") {g' E being parallel to A B% and 
E n = E F X cos. (n E g' — F E g")* In like manner we 
have jB/== FE X sin. (nEg' — F E g"), and Em^EF 
X COS. (nEg' — F Eg'). Now sin. F Eg" = un, FEg 

ff,and.in.FJE?g^=|:|l=^; buti?^=«'^ 



E^ ^ ^ ER' ~ ER' 

= BR — EQ=zBR-^BRx COS. nEg'-BR X (1 ~ 
COS. n Eg). By substituting this value in the equations whidi 
contain the values of E(p, E «, J5/J E m, and considering that 
the angles FEg\ F' Eg are always so small. that their arcs 
differ very little from their sines, we have 

v^jr^^ BRx\--co^.nEg, ,„^ 

E R 
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By substituting these values in the preceding equations, we 
have 

E(p=zEFx sin, (nEg — ^^g -> 



„ . , „ BRxl — cos.nEff 
Efn=:EFXsin.{nEg — — -^^, ^ 



BRxl — cos.nEg 
JBw = JEJ'Xcos. (nEg— j^ ^t 



n rtrt^ / r« BRxl — cos, nEg 
Em=:EFXcos. (nEg — --=; s. 

If ^ £ is horizontal, and the declivity J D = J, we shall have 
91 Eg ^9° 28', or in parts of the radius = 0.16522, and cos. 
nEg— 0.98638. Then, '\iEP = 200 pounds, B B = 34 feet, 
JB if = 8 feet, JB -R' = 12 feet, then we shall have from the pre- 
ceding formulae, jE<p = 31.716 pounds, jB/= 32.350 pounds, 
JB n = 197.470 pounds, and £ »i = 197.404. Hence an addi- 
tional length of four feet to traces eight feet long, presses the 
horse E to the ground with an additional force of 32.250 — 
31.716 = 0.534 pounds, and diminishes the effect of the other 
horse by 0.066 pounds. 

When horses are yoked abreast, they are commonly attached 
to the opposite ends of a lever or bar, unequally divided by 
the fulcrum in the ratio of the strength of the horses, the 
weaker horse pulling by the longer arm, and the stronger horse 
by the shorter arm. Dr. Young has remarked, that even 
without this inequality a compensation takes plac)e, as shewn in 
Fig. 24, for the centre E on which the bar moves is always 
considerably bdiind the points of attachment A^ B. ^ Hence 
when one of them falls back a little so that the arm A B as^ 
sumes the position. Ci?) the foremost horse has the disadvan- 
tage of acting by a lever equal only to E jF*, while the other 
horse acts by a lever equal to E C 

In yoking horses to carriages, a very considerable advan- 
tage, both in reference to the horses and to the passengers, ,is 
gained by attaching them to the lever A JS, by strong springs 
at A and B. 

How horses ^^^ particular manner in which living agents 
exert their exert their strength against great loads, seems to 
have been unknown both to Camus and Couplet, 



strength. 
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and to many succeeding writers upon this subject. It is to M. 
Deparcieux, an ingenious mechanic, that we are indebted for 
the only accurate informalion with which we are furnished ; 
and we are sorry to see, that philosophers who flourished after 
him have overlooked his important instructions. In his Me- 
moir on the draught of horses,^ he has shewn, in the most 
satisfactory manner, that animals draw by their weight, and 
not by the force of their muscles. In .four-footed animals, 
the hinder feet is the fulcrum of the leyer by which their 
weight acts against the load, and when die animal pulls hard, 
it depresses its chest, and thus increases the lever of its 
weight, and diminishes the lever by which the load resists its 
efforts. Thus, let P (Fig. 20) be the load, 2> ^ the line of 
traction, and let us suppose jP C to be the hinder leg of the 
horse, A F part of its body, A its chest or centre of gravity, 
and C E the level road. Then AFC mil represent the crooked 
lever by which the horse acts, which is equivalent to the straight 
one A C. But when the horse^s weight acts downwards at A,^ 
round C as a centre, so as to drag forward the rope A D, and 
raisje the load P^ C E will represent the power of the lever in 
this position, or the lever of the horse^s weight, and C F the 
lever by which it is resisted by the load, or the lever of resist- 
ance. Now, if the horse lowers its centre of gravity Ay which 
it always does when it pulls hard, it 13 evident that C E, the 
lever of its weight, will be increased, while C F, the lever of its 
resistance, will be diminished, for the line of traction A D will 
approach nearer to C E. Hence we see the great benefit which 
may be derived from large horses, for the lever A C necessarily 
increases with their size, and their power is always proportioned 
to the length of this lever, their weight remaining the same. 
Liorge horses, therefore, and other animals, will draw more than 
small ones, even though they have less muscular force, and are 
unable to carry such a heavy burden. The force of the muscles 
tends only to make the horse carry continually forward his 
centre of gravity ; or, in other words, the weight of the animal 
produces the draught, iand the play or force of its muscles serve 
to continue it^ 

♦ SuT le Tirage dea Chevaux, published In the Mem, de PAcad, Par. 1760, ' 
4to, p. 263 ; 8vo, p. 275. 

^ It may be unagined that the foire feet of the horse prevent it ttom acting in this 
manner ; but Depardeux has shewn byexperiment that the fore feet bear a much 
less part of the horse^s weight when he draws than when he is at rest. 

^ "When I first compared Deparcieux's theory with the manner in which horses 
v5l . II. -a 
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PoDtion of From these remarks, then, ve may deduce the 
tbeiineof proper position of the line of tractimt. When the 
*"** ' line of traction ie horizontal, ae A D^ the lever of 
reaistimce is C F ; but if this line is <^lique to the horizon, 
VA Ad, the lever of resistance is diminished to CJ^, while the 
lever of the horse's weight remains the same. Hence it appears 
diat incUned traces are much more advantageous than horizoD- 
tal ones, as they uniformly diminish the resistance to be over- 
come. Ueparcicux, however, has investigated experimentally 
the most favourable angle of inclination, and found, diat when 
Hne angle .If A F, made by the trace A d and a horizontal 
line, is 11 or 13 degrees, the horses pulled with the greatest 
fadlity and force. This value of the angle of draught will 
require the height of the spnng-tree bar, to which the traces 
are attached in four-wheeled carriages, to be oneJudf of the 
hei^t of that part of the horse's breast to which the -fore end 
of the traces is connected.' 

Notwithstanding the great utility of inclined traces, it will 
not be easy to derive complete advantage from them in two- 
wheeled curiages without diminishing the size of the wheels. 
In all four-wheeled carriages, however, they may be easily em- 
ployed ; and in -many other cases where wheels are not concerned, 
great advantage maybe derived irova the discovery of Depardeux. 

On the Position of the Centre of Gravihf^ and the manner o/" 

Disposivff the Load. 
Position of From Mr. Ferguson's observations on the centre 
tha centre of of gravity, (Vol. i, p. 11,) it must be evident, that if 
8""^' the axle-tree of a two-wheeled carriage passes through 
the centre of gravity of the load, the carriage will be in equi- 
librio in every position in which it can be placed with respect 
to the axle-tree, and in going up and down hill, the whole load 
wilt be sustained by the wheels, and will have no tendency 
either to press the horse to the ground or to rwse him from it. 
But if the centre of gravity is far above the axle-tree, as it 
must necessarily be according to the present construction of 

appear to eiert (tidr slren^, I tu iaclined (o niip^ct iU accunicy; but a m- 
cumstBDce occurred shich removed ever; doubt from m; mind. I observed a horse 
Duking coDtinud efibrts to rabe a heavy load over an eminence. Al^i many fruit- 
less airempta, il riiied its fare feet completely from the ground, pressed duwti its 
head and chest, and inataDtly surmounted the obstacle. 

' This height is about 4 feet 6 inches, and therefore the h^ght of the ipnng-tree- 
bac should be only 2 feet 3 inches, wbeieu i( it geneially 3 feel. 
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wheel-carii^es, a great part of the load veil he thirown on the 
baek of the horses from the wheels, when going down a steep 
road, and thus tend to accelerate the motion of the carriage^ 
which the animal is striving to prevent ; while in' ascending 
steep roads a part of the load will be thrown behind the wheels^ 
and tend to raise the horse from the ground, when there is the 
greatest necessity for some weight on his back, to enaUe him 
to fix his feet on the earth, and overcome the great resistanee 
which is occasioned by the steepness of the road. On the caa^ 
Jtrtty, if the centre of gravity is below the axle, the horse will 
he pressed to the ground in going up hill, and lifted from ftt 
when going down. In all these cases, therefore, where the 
centre of gravity is either in the axle-tree, or directly above 
or below it, the horse will bear no part of the load in level 
ground : In some »tuaUons the animal will be lifted from the 
ground wjien there is the greatest necessity {or his being press- 
ed to it, and be will sometimes bear a great proportion of the 
load when he should rather be relieved from it. 

The only way of remedying these evils is to assign such a 
po»Uon to the centre of gravity, that the horse may bear some 
portion of the load when he must exert great force a^nst it ; 
that is, in level ground, and when he is ascending steep roads ; 
fcNT no animal can pull with its greatest effort, unless it is pressed 
to the ground. Now, this may, in some measure, be effected 
in tlie following manner. luei BCN (Plate VII, Fig. 20) be 
the wheel of a cart, A D one of the shafts, D thai part of 
it where the cart is suspended on the back of the horse, and A 
the axle-tree ; then, if the centre of gravity of the load is 
placed at m, a point equidistant from the two wheels, but be- 
low the line D Jj and before the axle^ree, the horse will bear 
a certain waght on level ground, a greater weight when he is 
going up hill and has more occasion for it, and a less weight 
when he is going down hill and does not require to be pressed 
to the ground. All this will be evident from the figure, when 
we recollect, that if the shaft Z> ^ is horiz<mtal, the centre of 
^avity will press more upon the pwit of suspension D the 
nearer it comes to it ; or the pressure upon D, or the horse^s 
back, will be proportional to the distance of the centre of 
gravity from A, If wi, therefore, be the centre of gravity, 
b JL will represent its pressure upon I?, when the shaft D A \^ 
horizontal. Whe^ the cart is ascending a steep road, A U will 
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be the portion of the shaft, the centre of gravity irill be nuged 
to a, and J a will be the presHitc npon D. But H* the cart is 
going down hill, A C will be the position of the shaft, the 
centre of gravity will be de[»-eesed to n, and c A will represent 
the pressure upon the horse^s back. The weigtA sustained by 
the horse, therefore, is properly regulated, by pla<7ng tl» 
centre of gravity at m. We have still, however, to detemnoe 
the proper length of A a and b m, the distance of the centre of 
gravity from the axle, and from the hori^ntal line D A ; but 
as these depend upon the nature and inclins ' - - 
upon the l«igth of the ^aft D A, which va 
<^ the horse, on the magnitude of the loa 
variable circumstances, it would be impoei 
value. If the load along with the cart wrig] 
the distance Z> .^ be 8 feet, and if the hor 
pounds of the w^ght, then b A ought to 
bnng I o{ D Af will make the pressure up 
pounds. If the road slopes 4 inches in one f 
4 inches, or the angle bAm should be equal 
of the road, for then the point m will rise to 
such a road, and will press with its greatest 
(rfthe horee. 

Meduxl of Wh«i carts are not constructe 
^iipwing we may, in some degree, obtain 1 
judiciously disposing the load. L 
the centre of gravity is at 0, when the cart i 
mogeneous materials, such as sand, lime, &c. 
is to consist of heterogeneous substances, or 1 
weights, we should place the heaviest at theb 
the front, which will not- only lower the point 
it forward, and nearer the proper position m. 
too, might be suspended below the fore part c 
dry weather, and the centre of gravity wou 
nearer the point m. When the point m is th 
weight on the horse is not only judidously r< 
cart will be prevented from overturning, and 
the w^ght sust^ned by each wheel will be ii 
equalized. 

' In loading four-wheeled carriages, great car 
not to throw much of the load upon the for 
would otherwise be forced deep into the groi 
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great force to pull them forwaril' In some modern carriageB 
this is vexy little attended ta l^e coacbman^s seat is some- 
times enlarged so as to hold two persons, and all the baggage 
is generally placed in thb front, directly above the fore-wheels. 
By this means, the greatest part of the load is upon the 
small wheels, and the draught becomes doubly severe for the 
poor animals, who must thus unnecessarily suffer for the igno^ 
ranoe and folly of man. 

CHAPTER VIII. 

OK THE FORCES OF ELASTICITY AKD TOflSIOX. 

JSlastdcitt is that property of bodies, in virtue of which 
ih&r particles return to their original state, when their equili« 
brium has been disturbed by any external force. When we bend 
a long stripe of glass, it will resume exactly the same shape 
which it had before it was bent ; but if we subject a plate of 
' steel to the same force, it will not resume its original forqa. In 
the first case, the dasticity is said to be perfect^ and ip the se» 
cond imperfect. 

It would be unsuitable to the character of this wo¥;k, to enter 
into those theoretical discussions into which such a subject tends 
to lead us. It will be sufficient to describe the apparatus which 
has been employed for determining the elasticity of bodies, and 
to give a popular abstract of the most prominent results which 
philosophers have obtained on this subject 

The vast importance of these experiments, in a practical 
point of view, and the extensive utility of the force of torsion 
in physical inquiries, will justify us in devoting a few pi^es to 
their illustration. 

The earliest and most correct experiments on the elasticities 
of bodies were made by S^Gravesende, with an apparatus 
shewn in Plate VIII, Fig. 1. It oohsists of a frame ABCD^ 
' which carries the pincers or vices JIf , JV, between which is fasten- 
ed the wire or rod of steel, or any oth^ substance JIf iV, whose 
elasticity is to be tried. A scale S, carrying weights, is fixed to 

^ Dr. Young remarks, thai the centre of gravi^ in four-wfaeeletl carriages should 
tlivicte the distance between the fore and hind wheels in the ratio of the cubes of the 
diameters. If the dianocters of the wheels are as 4 to 6, the centre of gravity should 
be twice as near the hind as the five wheels. Ledtutety Yd. II, p. 20L 
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a piece of metal P Q, pevforated at Q, so as to p^itoh the wire 
or lod to pass through h. To the upper end of this pieoe is 
fixed a silk thread Q Rj passing over the pulley J?, and suspend* 
iilg a weight W, eocactly equal to the weight of the piece P Q. 
The axffl of this pull^ carries the index V^ which points to the 
diTisions of a dial-plate. If we now put different weights into 
the scale a^, the elastic body JIf jY will be bent by the weight, 
the middle point Q will descend, drawing after it the thread Q jR, 
and consequently turning the index T V from right to left In 
order to know the exact space through which the point Q has 
descended, or the degree of flexure of the body Jf JV, we must 
determine by direct experiment the rdatidtt between the divi- 
sions on the dial-plate and the descent of any point of the thread 
Q, M. By this apparatus, S'Gravesend^ d^tevmined the degree of 
flexure, or the descent of the middfe points of wires and {dates 
produced by various weights placed in the scale S. The wire 
which he used was metallic, and such as are employed in musi- 
cal instruments. Its length was 34 inches, and its weight 24/ 
grains. Having given it a certain degree of tension by tneana 
of one of the screws, he measured the degree of flexion, or the 
descent of the middle point, produced by two different weghts* 
He then gave the wire a second, and even a third degree 
of tensbh, and ascertained the flexion as befbre. The resullift 
which he thus obtained are given in the following table :— » 

Degrees of tension. Weights in ibe Descent of the midclfepo«t 

^ Scale ID grams. in parts of an inclu 

T?- .^ ' f ^ 0.04 

First tension, - - | ^g ^^ 

c ^ . « • (8 0.06 

Second tension, - ^ > 70. a 45 

Third tension, - -j gg 40 

From these experiments S^Gravesende concludesi-^ 

1^ That when the string almost retnrncf to its primitive con- 
dition, the eloBgations which it receives from diflbrent weigbCs 
or forces are praportional to these weights or foroes. 

2* That as the elongations of similar strings of difl^nt 
lengths must be as their lengtiis^ the elongations of similar 
strings of the same thickness must be in the compound ratio 
of the lengths of the strings, and the weights or forces which 
elongate them. » - 

3. That the weights or forces which elongate strings of the 
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s^tioe lengtih are not as the quantities of matter m diem^ the ra- 
tio being sometimes greater and sometimes less. 

4. lllat a gireiiter (k less degrte of elasticit j in bodies of the 
smne kind depend, casteHa paribus^ on a certain peculiar dispo^ 
nation of their parts. 

S^GrareSende extended his experiments to plates of metal, 
and as these might be considered as a congeries of fibres or 
strings, he found, as might have been expected, that their elas- 
ticities followed the same laws. The following were the re- 
sults which he obtained with a plate of steel made of clock- 
spring. This plate was 34.5 inches long, and we^hed 67 grains. 

T. c,. Wdghtsinthe Detceot of th6 middle point 

Degrees of tension. ^^ ^^^^^^ in parts of an indT 

Tj.. ,^ . (20 0.10 

First tension, - | ^^^ ^^ 

c d2 10 

Second tension, - i 1Q2 <> 40 



Third tension. 



f 64 0.07 

\ 4S0 0.40 



Fourth tension, - |^^^ JJ^ 

As the apparatus from which the preceding results were 
obtained is not susceptible of very minute accuracy, we shall 
describe an instrument of ver j general application, not only for 
measuring the elasticities of wires and plates, but for studying 
all the general {phenomena of elasticity. 

This instrument may be called a Tiinahieter, and is am* 
structed in two forms, which may be distinguished by the names 
of the Mechcmical and the Chronkxtic Teinometer, from the dif- 
ferent ways in which the tensions of the elastic bodies are mea- 
sured. 

The general instrument is shewn in Plate VIII, Fig. 2, where 
JEFiB a strong frame of iron or brass, with an open groove 
A B along its centre. A and B are two fulcra which can be fixed 
by means of the screws j&, iT, or taken out so as to admit in 
their place the screw pincers ftewn in Fig. 3. A; strong piece of 
brass or steel G H^ having a horizontal dioulder for receiving 
the micrometer screw S^S may be fixed by means of a screw 
opposite to the Centre of the frame E F, or insy be placed at dif- 
ferent distances from die centre. The head of the micrometer 
screw SS^ is divided as usual into 100 parts, which are read off 
by the index /. 
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In order to perform with thiajiutrumeiit th< 
which were made with that of S'Graveaende, 
are put on, the wire or the plate of Bteel ^ B 
tain tenuon by the Krewi of the pincers, on 
scale suflpended from the -centre S oi A I 
of elongation may be {^veo to the wire oi 
point iS* of the screw having been nicely adjo 
plication of the weights, so as to touch the u| 
wire or the plate, it is now screwed down till 
into contact with it, and the numba of tun 
turn of the screw S S will afford the most a 
the degree of elongation. By slufting the 
ferent parts of the frame EF, the exact di 
any point of the wire or plate may be ascert 
steel pUte rests freely on two fulcra At B, thi 
will enable us to compare its form with thai 
when its extremities are fixed. 

The Chromatic Temometerdepeada upon a 
which will be farther illustrated in the chapt 
tion of Light. When a plate of glass is ben 
concave, and in a state of comprettion, whil 
convex, and in a state of dilatation, and then 
some neutral line where there is neither com] 
tion. Let A B, Plate VIII, Fig. 4, be the 
edgewise, and MN the neutral line. If w< 
state to polarised light, and afterwards analj 
light, we shall percrave the neutral line or ax 
by a black line, while the convex aud com 
E^iarates are covered with beautiful colourei 
being negative on the convex, and positive o 
These fringes increase in number as the pi 
and therefore a£Fbrd a fwedse measure of tbi 
to which it is subjected. 

By placing therefore one of these phttes in t 
may not only detamine the d^ree of flexu 
but we may study the mechanical cmidition 
the glass as modified by flexure; and we 
effects of elongation comluned with those of 
effects of flexure alone, according as we ust 
or the fulcra. In comparing the flexure wi 
&rent points of tlie glass plate, the first Teinon 
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bttt in oomparing the elasdcitieB of glass plates of different di* 
memioQs, and of different kinds of glass, the Teinometer repre- 
s^ted in Fig. 5 should be employed. In this instrument A Bin 
the standard plate of well annealed glass, having its edges pa« 
ndlel, and also flatly ground and well polished. Along this 
plate there are moved two brass pieces Sabc, S' of b' c\ which 
can be fixed in any position by means of the screws, S^ S\ 
The plate C Z>, whose elastidity is to be measured, rests with 
its lower edge upon the projection be (Fig. 6), and with one of 
its iaces against a b. It is then pressed into contact with the 
plate A B, and kept in this position by the wooden hold-fast 
2r, the brass pieces Sabc^ S' a' V c'j having been previously 
placed at such a distance from each other, that the two plates 
will meet at H without breaking; or without any permanent 
change of form. The apparatus E it, for observing the tint, 
is shewn separately in Fig. 7. It consists of an eye-piece E^ 
to which is attached a reflector £, made of several plates of the 
thinnest glass, about 1| inch long and 1 inch broad^ and placed 
close to each other. The eye-piece E consists of two tubes, 
one oi which is moveaUe witMn the other. The moveable 
tube ccmtains a plate of toiurmaline, or an achromatic prism 
mnoi calcareous spu*, with a convex lens op about an inch in 
focal length, placed either above or below it. When this ap. 
paratus is set upon the edge of A B, by m^ans of the forked 
arms ejy the reflector R is turned round till the plane of reu 
flection is cut at an angle of 45° by the plane of the {date A B^ 
and is placed at such an angle that the light which it reflects 
through the edge of the plate A B, and up the tube, is com- 
pletely polarised. The.moveaUe tube is then turned round 
till the tints appear upon the edge of one of the images of the 
glass plate. In order to avoid the confusion arising from two 
images, the achromatic prism may be constructed in such a 
manner that only one of ihe images is visible.^ 

There is anoUier form of the Teinc«neter shewn in FigJ 8, in 
which it affords peculiar fadlities for the comparison of elasti- 
cities. Let the middle plate EFhea standard plate of glass^ 
and ABf C D two plates of steel or other bodies to be com- 
pared. When they are placed on the fulcra, as in the figure^ 
and brought in contact at. their middle points, the standard 

^ See the Ediabwrgk TVantoc^oM, vol. viii, p. 369-372. 
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state. If the angle of toraon, however, exceeds that in the 
table, the centre of the re-action of torsion will be displaced. 

As in all the preceding experiments the 20 oscillations were 
sensibly isochronous, we may regard it as a fundamental law^ 
that in all metallic wires, when the angles of torsion are not 
very great, the force of the re-action of torsion is sensibly pro. 
portional to the angle of torsion. 

Since by the* formula T = v — 180*, and ance in all 

x> ft 

the preceding experiments the cylinders of half a pound and 

of two pounds weight had the same diameter, it follows, that 



n ought to be always proportional to — . 

If we compare the results of the 1st and 2d experiments, of 
the 3d a^d 4th, of the 7th and 8th, and of the 9th and 10th, it 
will be seen, that with the same wire, the weight of two pounds 
performs its oscillations in double the time employed by a weight 
of half a pound. Thus 242", 85", 442", and 110", are nearly 
double of 120", 43", 220", and 57". And since v" i : \/ 2 = 
.7071 : 1.4142 = 1 : 2, it follows, that r is proportional to ^/ if, 
or that the durations of the osciUations are as the square roots of 
the weights. Hence it appears, that a greater or a less degree 
of tension in the wire has no sensible effect upon the re-action of 
the force of torsion. Coulomb however found, from many expe- 
riments made with tensions, very great in proportion to the force 
of the ¥rire, that these tendons diminished a little the force of 
torsion. The wire, indeed, is obviously elongated as the tension 
increases, and as its diameter is thus diminished, the direction 
of its oscillations ought also to be diminished. 

In considering how the force of torsion should be influenced 
by the length of the wire, it is obvious, that in proportion as we 
increase the length of the wire, we may cause it to allow, in the 
same proportion, a greater number of revolutions to be given to 
the cylinder without chan^ng the degree of torsion. Hence, 
for the same number of revolutions, the force of the re-«ction of 
torsion ought to be inversely proportional to the length of the 



* In this formula, the investigation of which is inadmissible in a popular work^ 
7* is the time of an entire oscillatipn, M the mass of the cylinder, a its radius, and 
n a constant co-effident depending upon the nature, the length, ahd the thickness of 
the metallic wire* 
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wire. Since T = \/ -5 — 180**, we shall have fcMr the same woght 

I s ft 

T proportional to , so that if n is in the inverse ratio of the 

lengths, as the theory announces, T will be as the square roots ^ 
of the lengths of the wires. By comparing the 10th and 13th 
experiments, it appears that the lengths of the wires are as 1 to 
4 when the times of the oscillations are as 1 : 3 ; hence it fol- 
lows, that ihs times of the sa/me nuvnbers of oscillations are^ when 
the same wires are stretched by the same weights^ as the square 
root of tJie lengths of these zcires^ as indicated by the theory. 

If we suppose the lengths and the tensions of the wires to be 
equal, while the size of the wires varies, it will be found, that 
the times qf the oscillations are reciprocally proportional to the 
weights of the wires. Thus, in the three experiments on the 
iron wires, with a tension of two pounds, we have the times of 
the oscillations 242", 185", and 23", when tiie weights are 6 
grmns, 14 grains, and 56 grains, but 242 X 5 = 1210 ; 85 x 
14 = 1 190, and 28 X 56 = 1288 ; consequendy, since these pro- 
ducts are nearly equal, the times are nearly in the reciprocal^ 
ratio of the weights. 

When the lengths of the wires and their tennons remain the 
same, the force qf torsion is proportional to ihejburth power of 
the diameter qf the wires^ or for the same length, to the square 
of their weight. ' Calling T and T' the times of a certain num- 
ber of oscillations for a wire whose diameters are Z), i>, and the 
weights for the same lengths ^, ^', and v the exponent of the 
power of 2>, to which the force of torsion is proportional, then 

we, may suppose r:T' = D»:2yi'=^-Q-:<p' -3-, from which 

weobtmn.=^(W-^-Log.J) 

Lqg. (p — Log. ^ 
Now, if we compare, by means of this formula, the 2d and 

4th experiments, the 2d and 6th, the 8th and 10th, and the 8th 

and 12th, we shall obtain 

» = ^182 f= — 2.04 

, = — 196 , = _ 2.02, whence 

11 11 

M 
But we have already seen that n is proportional to — , or when 

1 

the weights are equal, to ^. Hence it follows, that the force of 



tkm-M^iit^a^M 



t^ ON THE FORCES OF ELASTICITY 'AND TOBSION. CB. VIII. 

tornon for wires of the same iiature and of the same length, but 
of different thicknesses, are as the fourth power of the diameter, 
a result which ihn theory also gives. 

From all these observations it follows in general, that the mo- 
mentum cf the force of torsion, for vnreg of the same metal, ia 
directly in the compound ratio of the angle of torsion, and ike 
fourth power of the diameter, and inversely as tfie length of the 
wires. If /, therefore, is the length of the wire, D its diameter, 

and B the angle of torgiui, the force of torngn will be — j — , 

in which sis a constant co-eflident, depending on the elasticity 
ot each metal, but invariable in wires of the same metal. 

In order to determine the effective value of n, we must apply 

Pa* 

the formula n = -5 — to the 2d experiment ; where P = 2 lbs. 

a=9i lines, and a =: 440} lines, and where SO oscillations wctc 
performed in 24^'. The length of a pendulum isochronous 

with the osdliaUons of the cylinder, will be 440} {-an ) » 

consequently 

g|bs.(9i)' _ lib. 

that is, the momentum n £ of the iron wire No. IS, having a 
length of 9 inches, is equal to ~ lb. multiplied by the angle of 
torsion S acting at the extremity of a lever a line in length ; or 
what is the same thing, if we suppose the angle of torsion to be 
a line long, measured on a circle whose radius is a line, the force 
of torsion will be equal to -^ of a pound, acting perpendicularly 
at the extremity of the arm of a lever a line long. 

By the same mode of calculation ^plied to t^ bnss wire 
No. 12, we sliall find n = —J—, so that the strength of the 
iron is to that of the brass wire as 77-j : „g;:, , or as 3.34 to 1. 

In the preceding investigations, we have considered only that 
degree of torsion when the twisted wire returns exactly to its 
primitive state, by a series of decreasing osdllations. In order 
to determine if the resistance of the air had any share in dimi- 
nisliing the amplitude of the oscillations, Coloumbniade the fol- 
lowing experiment. The weights used for stretching the wires 
were 26 lines high and 19 lines in diameter. He then fravied 
out of very thin paper a cylindrical surface of the same diameter 
as these weights, but with a height of 70 lines. The leaden 
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weight was then made to epter partly into this cylinder of paper, 
ftn4 the oscillations were executed as before without any s^isible 
change. With ipiother paper cylinder, 78 libes high, or three 
times the height of the leaden cylinder, with which the effects 
of the resistance of the air ought to have been trijded, no retar*- 
dation whatever was observed^ and therefore he concluded that 
the diminution of the amplitude of the oscillations arose from 
the imperfect el^ticity of the metal. Coulomb then proceeds 
to observe the, effects which take place when the wires are twisted 
to a greater degree than in the first experiment, or tp sudi a 
degree that the particles do not return to their primitive stat^, 
but have experienced a permanent change in their position. If 
the angle of torsion, for example, is 180% and if the index, in- 
stead of returning after the oscillations are completed to the 
same point, or through the same arc of 180% has returned only 
through 170% then the centre of torsion is said to be displaced, 
or to have advanced 10^ 

In order to observe from the diminution of the oscillations 
how the elastic force of torsion is altered in the oscillatory mo- 
tion, when the centre of redaction is pot displaced, he used the 
iron wire No. 1, with a length of six inches and six lines, and 
supporting a weight of two pounds ; then, when the angle of 
torsion was 



Angle of 
Torsion* 


Degreet 
loM. 


90° 


10° were lost in 3^ oscillations. 


45 


10 lOi 


m 


10 23 


lU 


10 46 



When the . ang]e of tcarsion exceeded 90°, the centre of torsion 
was displaced, as shewn in the following table : — 



Angles of 

torsion given 

to the wire. 


Successive displace- 
ment of the centre 
of tondon. 


Total displacement of 
the centre of torsion. 


Angle through 
which the wire un- 
twists itself. 


i circle 


' 8 


8 


1728 


1 


SO 


58 


310 


2 


310 


1 circle J- 8 


410 


3 


1 circle + 300 


2 +308 


420 


4 


2 +290 


5 + 238 


430 


5 


3 +280 


9 +158 


440 


6 


4 +260 


14 + 58 


460- 


10 


8 +240 


22 + 298 


480 


14 wire split into two in the direction of 


Its length. 
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In the preceding table, the first column contains the angle of 
torsion through which the index has been turned. The second 
contains the arch or aUgle which it wanted of returning to its 
primitive state, or the displacement of the centre of torsion pro- 
duced at each successive experiment. The third contains the 
total displacement, and is found by adding any one displace- 
ment in column 2d to all those that precede it. The fourth 
column contains the angle through which the index has return- 
ed, or the efiect produced by the re-action of the torsion of the 
wire, and is found by subtracting the second column from the 
first. 

From the first of these tables it appears, that below 4S degrees 
the alterations are nearly proportional to the amplitudes of the 
angles of torsion, and that above 45^ the alterations augment 
in a much greater ratio. It appears from the second table, that the 
centre of the re-action of torsion does not begin to be displaced 
till the angle of torsion is nearly 180°;— that this displacement 
increases in proportion as the thread is twisted ; — ^that it is irre- 
gular till the angle of torsion is 310°, — and that beyond this 
angle the re-action of torsion remains nearly the same for all 
angles of torsion. In the fourth experiment, for example, where 
the angle of torsion is three circles, the displacement is I circle 
4- 300°, so that the re-actioh of torsion has brought back the 
cylinder only 1 circle + 60® or 420° ; whereas in the 7th ex- 
periment, the cylinder was brought back only 1 circle + 100° or 
460°, after having undergone a total displacement of 14 circles 
+ 58°. 

The following experiments were made with the irwi wire No- 
7, whose length was 6 inches 6 lines. 

OadUations. 

When the angle of torsion was 180* 10° were lost in 3^ 

90 10 12 

46 10 27 

22i 10 54 

The following table shews the succesave displacement of the 
centre of torsion, and also the total displacement in the centre 
of tor^on J— 
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Angles of 


Successive displace- 






Anf^^Staoagh 


* • 
torson given 


ment of the centre 


lott/L displacemcDt. 


which the wire un- 


to the wire. 


of torsion. 




k 


twists itself. 


3 


300 




300 


2 circle +. 60° 


4 


1 circle + 180 


2 circle + 120 


2 + 180 


6 


3 +90 


5 


+ 210 


2 +270 


8 


5 +90 


10 


+ 3002 + 270 


13 


9 +40 


19 


+ 8402 + 820 


20 


16 +810 


36 


+ 8903 + 50 


SO 


26 +180 


63 


+ 1108 + 180 


50 


46 +20110 


+ 1803 +340 



From all these experiments, M. C!oulomb has deduced the fol- 
lowing ingenious theory of the elasticity and cohesion of metals. 

The integrant particles of all metallic wires have 
an elasticity which may be considered as perfect ; theory of 
that is, the forces necessary for compressing or dilat- ^^^°^ . ^ 
ing these particles are proportional to the dilatation 
or the compression which they experience. These particles, 
however, are united together by cohesion, a quantity that is 
constant and absolutely different from elasticity. In the first 
degrees of torsion the integrant parts change their form, and 
are elongated or compressed without any change of place in the 
points by which they adhere, because the fcM'ce necessary for 
producing these first degrees of torsion is less than the force of 
cohesion. But when the angle of torsion becomes such that 
the force with which the parts are compressed or dilated is 
equal to the cohesion which unites these int^rant particles, 
then they ought to separate or slide upon one another. This 
sliding of the particles takes place in all ductile bodies, but if, by 
this sliding of the particles upon one another, the body is com* 
pressed, the extent of the points of contact, and the extent of 
the field of elasticity, become greater. As these integrant par- 
ticles have a determinate figure, the extent of the points of 
contact cannot augment but to a certain degree, beyond which 
the body breaks. This view of the difference between the 
cause of elasticity and cohesion was confirmed by an exp^ri- ' 
ment in which Coulomb could vary the cohesion at pleasure, 
^thout altering the elasticity. He brought a wire of copper 
to the temper of a white heat ; and by this means its cohesion 
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was SO muck reduced that it could scarcely support 13 or 14 
pounds, while, in its original state, it carried 22 pounds at the 
instant of rupture. But though the cohesion was thus di- 
minished nearly one-half, and though the amplitude of elasti- 
city was diminished nearly in the same proportion, yet, in the 
extent of elastic re-action which remained, the elastidty was the 
same at the same angle of torsion as in the untempered wire, as 
both of them, when stretched by the same weight, performed 
the same number of oscillations in the same time. 

In order to confirm these views, M. Coulomb subjected to 
experiment plates of steel, by means of the apparatus shewn in 
Plate VIII, Fig. 10. A plate of steel A jB, had one of its ex- 
tremities .i fixed between two plates of iron E, Fj by means 
of the screw F, and holdfast CD. The plate was 11 lines 
wide, half a line thick ; and its length from a to jB, where the 
waght was suspended, was seven indies. The descent of the 
extremity B, by the action of the weight P, was measured 
upon a vertical scale M N. 

When the plate of steel was brought to a white heat, and 
tempered very hard, it was loaded with different weights, as in 
the following table : 



Value of the 


Descent of the 


iraightP. 


extremity B, 


^ pound 


8 lines 


1 . - 


. 15i 


li - - 


- 23 + 



The same plate was then heated till it received a violet colour, 
and returned to the state of an excellent spring, and when 
placed in the apparatus with the very same weight, its extre- 
mity descended the very same quantities. 

It was at last brought to a white heat, and allowed to cool 
very slowly, and the same effects were produced hy the same 
weights as before. 

In these three experiments, the first degrees of the dastic 
forces suffered no change. The same weights produced the 
same degree of flexure, and by removing them the plate re- 
turned to its horizontal position. 

In order to find the strength of the plates in these different 
states, Coiilomb formed three plates out of a piece of English 
'^ steel exactly similar to those above mentioned, and having tem- 
pered one of them at a white heat, another when it had a violet 
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colour, while a third was allowed to cool Aowly fiom a red 

hectt, he placed these plates successively in the apparatus, and 

applied weights at the point d^ S| inches from a. The ^rsi 

plate broke with six pounds; but to whatever angle it was bent 

below that at which it broke, it always resumed its ]M^mitive 

horizontal state ; the second broke with eighteen pounds; it 

bent to the point of rupture into an angle nearly pipportional. 

to the force applied to it. The third plate bent with a force 

oi Jive or six pounds proportionally to this force, and into an 

angle exactly equal, under the same force,' to that into which 

it was bent when in its two former states. But in afterwards 

applying the force perpendicularly to the direction of the plate, 

in order to preserve the same length of lever, a force of seven 

pounds was suffident to bend it to all angles, and when the 

weight was removed, it returned only by a quantity through 

which it had been originally bent by a force of six pounds, so 

that the angle of the reaction of flexion was changed from any 

angle into which it was bent, with a force greater than seven 

pounds. 

These last experiments lead us to the same result as the 
preceding ones. It is obvious, that in order to have an idea of 
what happens in the flexion of metals, we must distinguish the 
elastic force of the integrant particles from the force of cohe- 
sion, which unites these particles together. The elastic force 
depends, as we have seen, on the compression and dilatation 
which these integrant parts experience, and is always propor- 
tional to the compressing and dilating forces. These integrant 
fiarticles are not altered either by tempering or annealing, sinee 
in these different states the elastidty is the same umder the 
same degrees of flexion. But the same particles are united 
only by a certain degree of cohesion, which depends probaUy 
on their flgure, and cm the respective porti<Mis of different fluids 
with which their pores are filled, which varies according to the 
state of temper and annealing. In very hard-tempered steel, 
and in good springs, the particles cannot either slide upon one 
another, or experience the least displsUsement, without the body 
breaking ; but in ductile bodies, or annealed metals, these par- 
ticles may slide upon one another, and be displaced, without 
the cohesion being sensibly altered. 

What has now been said respecting metals may be applied 
to all bodies. Their integrant particles have always a perfect 
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elasticity, but the bodies are hard, soft, or fluid, according Uy 
the cohesion of these particles. If in hard bodies they caii 
slide upon one another, without their distance being sensibly 
altered, the body will be ductile or malleable ; but if they can- 
not slide upon one another without their distance being sen* 
ably altered, the body will break, when the force with which it 
is compressed or dilated is equal to the cohesion* 



CHAPTER IX. 

ON THE STRENGTH OF MATERIALS. 

The mathematical investigaUon of the strength of materials, 
when exposed under different forms to a variety of strains, would 
lead us into a field too extenave for the limits of this work, 
i^ortunately for the practical mechanic, theory is on this sub- 
ject a fallacious guide, and it is only by the results of direct 
experiment that he is entitled to guide himself in actual prac- 
tice. 

Where a piece of timber, or any other material, is used, it is 
subjected to a diversity of strains. 

1. It may be pulled or drawn in the direction of its length, 
as in the case of a King-.post, a Queen-post, and the upright 
rod or spear of a pump. In this case the force is called the 
Reskiance to Tension. 

^. It may be compressed in the direction of its l^gth, a3 in 
the case of columns, posts, pillars, and struts. In this case the 
fi^ice is called the Resista/nce to Compression. 

3^. It may be exposed to a lateral or cross strain, as in the 
case of beams, rafters, tenons, &c. 

4. It may be twisted, as in the axles of wheels, the rudders 
of ships, and all kinds of screws. 

I. On the Strength of Materials wheii Pulled in tiie Direction 

of their Length. • 

When metals, glass, stone, and other bodies of uniform tex- 
ture, are pulled asunder in the direction of their length , the 
resistance to extension is the fbrce of cohesion between their 
particles ; and hence the extension will be invariably propor- 
tional to the area of the section of the rod employed. As the 
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quantity of extennon must be proportional to the number of 
parts extended, it miist also be directly proportional to the 
length of the rod.^ 

In the first volume of this work, p. 67, note, we have al- 
ready given a table of the best experiments which have been 
made on the cohesive force of woods and metals. When the 
strength of a beam or rod to resist a longitudinal strain is com- 
puted from the data in that table, the beam should be made 
to bear only ane^aurih of the load which would tear it asun* 
der. 

A number of very Interesting experiments on this branch of 
the subject have been made by M. Duleau on malleable iron.' 
The general result of his experiments is, that the force neces- 
sary to break a bar of malleable iron drawn in the direction of 
its length varies from 35 to 60 Idlogrammes for every square 
millimetre of 4he transverse section of a bar, according to the 
.quality of the iron. 

He found that a bar a metre long (39.37 inches) was length- 
ened the 10th part of a millimetre (0.00394 of an inch), when 
he increased by 4 kilogrammes the mean weight carried by a 
square millimetre of the transverse section. M. Duleau like- 
wise concluded from his experiments, that the degree of com- 
pression or dilatation which deprived iron of itis elasticity varied 
from I to 1 miUimetre upon every metre of length. The weight 
which produced this dilatation was between J and §ds of the 
weight capable of breaking the bar. 

The following results have been recently obtained by Mr. 
George Rennie. All the bars were 6 inches long^ and ^ of an 
inch square. 

* Pounds Avoird. 

Iron bar cut horizontally, - -. 1166 . 

Ditto ditto vertically, - - 1218 

Cast steel, previously tilted, - - 8391 
Blister steel, reduced by the hammer, - 8322 

. Shear steel, do. doi - 79T7 

Swedish iron, do* do. - - 4504 

English iron, do. do; - 3492 

1 In some of Mr. Barlow's experiments on iron, the extension appears to vary as 
the square of the length. Easay on the Siremgtk of Timber^ p. 228-230. 

^ M. Duleau*s Memoir is entitled £uai Theorique et Expermkntal 9ur la JU' 
mimUmce du Ftr Forgt» The experiments were made in 1812. An abstract of 
them is given in the Aniu de Ckfm, torn. xii» p. 133. 
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PoyiMb aToiid. 

Hard gun-metal, - ... 2273 

Wrought copper, reduced by the hammer, 2112 

Cast copper, . - - . 1192 

Fine yellow braM, ... 112S 

Cast tin, .... 296 

Cast lead, . . • « 114 

In these experiments, the stretching of all the wrought bars 
indicated heat ; and the fracture of the cast bars was aooom- 
panied with a diminution of section scarcely sensible.^ 



II. On Ihe Strength qf MaieridU when compressed m the 

rectum of their Length. 

When a column of timber is compressed in the direction of 
its length, it resists more powerfully than when employed in 
any other way. 

According to Muschenbroek, the relatire strength of the 
following kinds of wood, when in bars 4 feet long, and ^^ 
square, were 

Foundt. Poondt. 

Fir, - 226 Beech, - 146 

Xinden, - 206 Oak, - 86 

The following proportions are given by Peronnet from ex^ 
periments on short specimens : 



Oak, - 12J Poplar, , 7| 



WiUow, - 9f Ash, . 7^ 

Fir, . 9r% Elm, - 7 

Oak has sometimes sustained a pressure of 4000 lbs. on the 
square inch. In tlie experiments of Girard, sia^ of his specimens 
of oak broke with a pressure of £710 lbs. on the square inch, 
though ji^^^n other specimens sustained a much greater load. 

The following tables contain some of the results obtained by 
M. Lamands on Seasoned Oak.^ 

1. Length, 2.12S feet^Breadth, 2.126^Thicknessy 2,12. 



Deflexion in 
inches. 

.079 


Weight that produced 
it in pounds. 

7.86 


Wa^t that broke 
it in pounda. 

15.63 


Duratioa in 
liouts. 

4 


.089 


13.52 


21.80 


16 


.118 


14.12 


1999 


18 


.039 


11.75 


21.06 


8 



9 Pkikwpkieal TVattoctMNU, 1818, p. 12^127* 

4 See GUathey'fl CoMtruetion da Pontic torn, is, p. 48, and Tredgold*8 Princ^pUa 
of Carpentry f from the last of which this taUe is a)>iidged. ^ 



1 



.J 



CH. IX. ON THE STBBHGTH OW KATEBtALB. 9Vt 

2. Length, 4f.25^a^BreadAy 9.186— 7%adbi^M, 8.ia& 

Deflcriflaig Weight that produced Weight that bzoke DnatiDa in 

ioehes. it in pounds. it in pounds. houzs* 

.079 6.3 11.84 21 

.157 6.8 12.82 27 

.167 6.3 13.56 

.157 6.3 12.46 6 

3. Length, 6.S7— Breadth, 2.126— TfttcArneM, 2.126. 

.157 3.28 7.24 6 

.157 2.86 7.48 

.236 2.76 8.47 5 

■ .157 2.75 788 

4. Length, 2.12&— Breadth, S.\8— Thicknets, S.18. 

.079 34.60 50.96 27 

.039 46.17 60.96 584 

5. Length, ^2S-^Breadth, 3.18— TAicfcn«*«, 3.1& 

'' 457 20.32 43.64 29 

.167 18.65 36.86 6 

.197 20.58 3^20 9 

.276 21.82 28.18 17 

6. Length, 6.375— Breads, S.18— Thickness, 3.18. 

.157 9.12 26.94 7 

.197 971 28.99 19 

.079 11.00 23.93 4 

.236 10.14 33.06 18 

.157 12.75 36.90 6 

7. Length, 2,1&S— Breadth, ^25— Thitisneu, ^26. 

.079 61.88 95.26 11 

.039 56.69 66.11 8 

.039 56.69 105.83 28 

.079 67.47 94.47 28 

.089 67.78 88.44 30 

8. Length, 4^25— BreatUh, 4i.2S—Thicieness, 4.25. 

.039 63.07 100.75 8 

.079 29-70 86.00 6 

.079 50.52 73.24 19 

.089 45.20 96.37 19 

9. Length, 6.375— Breadth, i.25— Thickness, 4.25 
.157 21.59 64.09 7 

.236 1733 59.37 5 

.157 18.52 54.06 22 

.236 27.60 66.61 22 
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M. Girard, in his Analytical Treatise on Hie ResiHance of 
Sdide, has given a copious table of experiments on -oak, from 
¥^hich the following results aretaken. 

1. When the specimens were broken* 
Lengthy I.AS feet — Breadthy 6A3 inches — ThickneeSj 4.09 m. 



Specific Deflexion in Weight producing Weight that Duration of 

gravity. incfaea. the d^ezbn,— lbs. broke it,— lbs. experimeot. 

.972 0.244 88.104 72.866 12M 

Length, TAd^eet — Breadthy 6.22 in. — Thickness, 4.00 in. 
.925 0.267 88.106 62.977 12M 

Lengthy 8.52 — Breadth, 6.16 — Thickness, 4.17. 
.923 0.665 26.892 60.448 6M 

2. When the specimens retained a flight flexure. 

Lengthy 8.52— Breadth, 6.92— Thickness, 4.00. 
1.01 0.09 26.881 0^.8 

Lengthy 8.52 — Breadth, 6.2^^-^Thickness, 8.9. 
1.00 0.445 26.884 6^.7 

Length, 1.M&— Breadth, 4.97— Thickness, 4.00 
1.038 0.812 26.897 10^.0 

Lengthy 6.S9— Breadth, 6.1S— Thickness, 6.24. 
1.102 0.177 88.107 7M 

8. When the specimen recovered its original form. 

Length, 8.SZ— Breadth, e.^^—Thickriess, 6.06. 
1.088 0.268 38.106 0^83 

Length, 6.S9— Breadth, 6.22— Thickness, 4.00. 
.987 0.177. 88.106 ^.l 

Length, 6.89 — Breadth, 6.24 — ThicknesSy 4.17. 
1.082 0.22 88.048 10^. 

Lengthy 7.46 — Breadthy 6.22 — Thickness, 4.26. 
9.20 0.114 26.896 lif". 

In the experiments where the specimens broke, it is remark- 
able, as Mr. Tredgold has observed, that the weight which 
broke them is always nearly twice that which produced the first 
deflexion. Almost all the specimens bent in the direction of 
the diagonal, and were therefore crushed both in tlie direction 
of the breadth and thickness. 
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When the length of a square beam is above 7 or 8 times its 
thickness, as in all the preceding experiments, it first bends and 
then breaks near the middle of its length ; but when the length 
of the beam is less than 7 or 8 times its thickness, it swells out 
in V the middle, splits in various places, and is crushed. 

The experiments of Rondelet give 5000 or 6000 lbs. as the 
force per square inch which is necessary to crush oak^ its 
length being reduced by this pressure more than one^hird. In 
order to crush JiVj 6000 or 7000 lbs. were requisite, and the 
piece was reduced to one-half its length. 

In con^dering the manner in which a body is compressed in 
the direction of its length, M. Duleau was led to the following 
theoretical law :— 

*^ The weight capable of bending a bar, when pressed in the 
direction of its length, is propordonal to the product of the 
length of the bar, or to the resistance which it presents when 
loaded perpendicularly in the direction of its fibres.*^ 

In order to determine the relation between the longitudinal 
and the lateral strength of the fibres, as giv@a in the above law, 
M. Duleau submitted to experiment one-third of the number of 
bars whose strength he had determined when exp6sed to a 
lateral strain. The result of all these observations was, that a 
bar 2 metres long (6.56 feet), by 0.20 m. (7.87 inches)/ and 
0.02m. (0.787 inches), did not bend till the load amounted to 
7600 kilogrammes. The theoretical results were to the experi- 
mental results as 1 to L19. It was the opinion of the commis* 
sion appointed to examine M. Duleau'^s memoir, that tlie theo- 
retical strength was too small, because in the transverse section 
the number of fibres compressed were probably greater, than 
the number stretched when the bar was exposed to a lateral force. 

The following interesting results on the force necessary to 
crush one cubical inch were made by Mr. George Rennie :-— 

Fottods Avoird. 

Elm, - - . - 1284 

American mne, .... 1606 

White deal, .... 1928 

English oak, mean of 2 experiments, - 3860 

Ditto 5 inches long," slipped with - - 2572 

Ditto 4 inches long, - - . 5147 

Prism of Portland stone, 2 inches long, - 805 

Prism of statuary marblie, - - 3216 

Stone from Craigleith quarry, Edinburgh, - 8688 
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The following results with different stones w^e obtained by 
Mr. Gr. Bennie, and will be of great use to builders >- 



Spec. GiBT. 

2.625 
2.726 
2.528 
2.697 
2.599 



Aberdeen granite, blue kind, 

White Italian veined marble. 

Very hard freestone. 

Black Brabant marble, 

Purbeck stone, 

Black compact limestone, Limerick, 2.598 

Peterhead granite, hard close grained. 

Compact limestone, - 2.584 

Devonshire red marble, variegated, 

Craigleith stone, with the strata, 2.452 

Portland stone, 2 inch cube - 2.428 

Dundee sandstone, 2 kinds, - 2.530 

Cpmtsh granite, - - 2.662 

Bramley Fell sandstone, - 2.506 

White statuary marble, not veined, 2.760 

Yorkshire paving stone, - 2.607 

Craigleith white freestone, - 2.452 

Portland s^one, - - - 2.428 

Killaly white freestone, - 2.423 

Derby ^t, - - - 2.428 

Stourbridge fire brick, 

Redbrick, - - - 2.168 

Roestone Gloucestershire, 

Brick of a pale red, - - 2.085 

Chalk, 

It appears from the experiments of Reynolds, that a | of an 
inch cube of cast iron required to crush it a force of 448,000 lbs. 
avoirdupois, or 280 tons, whereas Mr. G. Rennie, from an 
average of 13 experiments made on cubes of the same size, 
found that they could be crushed with 10,892 lbs. or less than 
6 tons.. According to Mr. Rennie, cubes of i of an inch of 
cast iron, of the specific gravity of 7.083, and taken from the 
centre of a large block, required 1440 Ibff. to crush thenj.' 
When their lengths were increased so as to vary from | to 1 
inch, the average force which they sustained was about 1758. 

Mr. Rennie found that the vertical cube castings were stronger 
than the horizontal ones, but the diflference was by no means 
striking. 

III. On the Strength of Materials when exposed to a lateral 

or transverse strain. • 
When we place a weight on the middle of a beam of Trood 



P«iuidi Avoiid. 
S4556 
81783 
31254 
«07« 
20610 
199^ 
18686 
17354 
16718 
155601 
14918 

14919 

14^a 

13638 

13632 

12856 

12846 

10284 

10264 

9776 

0864 

1817 

1449 

1265 

1127 
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supported 9X both ends, as on two fulcra^ but not fixed, it will 
be bent ii^ a cimre of more or less concavity, in proportion to 
die weight employed ; and by increasing th^ weight, the beam 
will be broken. If the degree of concavity or the deflexion is 
veiy smaU, the beam is s^d to be stiff^^ and if it is considerable^ 
it is smd to be JleaiMe, t 

Many experiments were made upon, the strength of materials 
exposed to this strain, by Belidor and Duhamel, and a very 
fine series lipon long pieces by Bu£Pon. From these experi- 
ments, Mr. Nimmo, in the article Carpentry^ in the Edinburgh 
Encydopcedia^ has deduced the following rule for oak :— 

Divide the number 651 by the length in feet, substract 10 
from the quotient, multiply the remiunder by the product of 
the breadth, and the square of the depth, both expressed in 
inches. The result will be the greatest load in pounds that 
such an oaken beam will bear. 

The load thus found will break the beam in a few minutes. 
One half of it may be safely laid on the beam, but will give it 
a set from M^hich it t^II not recover. One third of it may be 
laid on it for any length of time without injury. 

The weight required to break a beam of fir may be found 
by the same rule, by taking two-thirds of the results obtained 
for oak, fir having only two-thirds of the strength of oak, ^c~ 
cording to the average of the experiments of Bufibn, Emerson^ 
and Parent. 

The great importance of this branch of the subject has in- 
duced several modem authors to make a variety .of experi- 
ments upon it. The principal experimentalists are Aubrey, 
Girard, Ebells, Beaufoy, Rennie, and Tredgold, and some of 
the leading results which they obtained^ are given in the follow- 
ing table : — 

Eocperitnents^ on the Stiffmss of Beams supported at both ends^ 

OAK. 

1. Mr. Barlow^s experiments on the stifiness of oak. 
Lengthy Ifiet — Breadih^ 2 inches — Hq^th^ 2 indkes. 

g»«ty. inincha. ^^^ 

EngKsh oak, - .960 1.375 200 

Canadian oak, - .867 . 1.07 226 ' 

Dantzicoak, - - .787 1.26 200 

Adriatic oak, - - .948 1.55 1^ 
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2. Mr. Tredgold's experiments on the stiffness of oak.* 

Lengthy 26 feet — Breadth^ 1 inch — Depth, 1 mch. 

Specific Deflexion in ^«W»tl»»- 

gravity. inche. ^l^l^ 

Old ship timber, - .87« 0.6 127 

Oak from Beaulieu, Hants, . .616 0.6 78 

Ditto, another specimen, .786 0.6 66 

Dantzicoak, seasoned, • .756 0.6 148 

Length, 9,Jeet — Breadth, 1 mch^Depth, 1 mch. 

Oak from a young tree, Herts, .868 0.6 587 

Oak from old tree, • .6^ 0.5 103 

Oak from Riga, - - .688 0.6 233 

Oak (qttercus sessUifdia) - 0.35 149 

Oak {guercus robur) - 0.35 167 

3. M, Buffon found that a beam of green oak 6.87 feet by 
5.3 feet square required 7587 lbs. to produce a deflexion of 
0.433 inches, and a beam of the same wood and dimensions 
but 33.58 feet long required 706 lbs. to produce a deflexion 
of 2.7 inches. M. Girard found that a beam of oak 8.52 feet 
by 5.06 inches broad and 6.22 inches deep, required 4146 lbs. 
to produce a deflexion of 0.71 inches ; and a beam of oak the 
whole size of the tree and 16.86 feet by 10.66 inches broad 
and 11.73 inches deep, required 4559 lbs. to produce a de- 
flexion of 0.67 inches. 

» 

PIB. 

1. Mr. Barlow'^s experiments on the stiffiiess of fir. 
Length, ^feet — Breadtfi, 2 feet — Depth, 9,Jeet. 

Specific Deflexion "^^^ 

gravity. in inches. dcfle^oa. 

Pitch pine, . , . .712 1.33 160 

New England fir, - .560 0.97 160 

Riga fir, - . . .766 0.912 150 

Scotch fir, Mar forest, - .716 1.56 126 

^ ^. Ebbels found that beams of £nglish oak of the same size as those used bj 
Mr. TredgQld, sufifered the same deflexion with 137 lbs. and green English oak widi 
96 lbs. 
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3. Mr. Tredgold^s experiments on the stiffness of fir. 

Lengthy 2.6 inches-^Breadth, 1 inch — Depth, 1 inch — De- 

JkaAony 0.6. 






Speeiflc XTSf"!"^ 



Blga fir, yellow, 



r.480 123 

\*464Ebe]l8 116 



Memd do. medium J ' .^ . 



143 
146 



Lardifrm Blair, dry ,^22 
Do. seasoned, C .( 

2 .^ 



93 

.644 101 

medium, 2 .554 Ebells 112 

Do.very young wood, .396 45 

Scotch fir, - .529 89 



Length in 
feet. 


Breadth in 
inches. 


Depth in 
inches. 


' Deflexion 
in inchet. 


10.66 


10.48 


10.48 


0.2245 


21.3 


10.48 


10.48 


1.02 



8. M. Girard's experiments on the strength of fir, the whole 
size pf the tree. 

Weight pro- 
ducing it. 

4389 

Mr. Tredgold found that a beam of yellow Riga fir 18 feet 
long, 2 inches broad, and 7 inches deep, was deflected 0.25 of 
an inch by 103 lbs. ; and that a beam of white spruce from Chris- 
tiana, 2 feet long and 21 inches square, was deflected 0.5 of an 
inch by ^61 lbs. 

Experiments on the Stiffness of different woods. 

1. Mr. Barlow^s experiments. 

Lengthy IJeet — Breadth and Depth, 2 inches. x 

Specific gravity. Deflection. Weight. 

Ash, ... .760 1.27 225 

Beech, - - .688 1.025 150 

Teak, . - . .744 1.276 300 

Elm, - . .540 1.42 125 

2. Mr. Tredgold's experiments. 

Lengthy 2,5 feet — Breadth and Depthy 1 inch — Defleanany 0.5 



Specdfic 
gravity. 



Weight pn 
duanff the 



Ash, young, - 
Ditto, old, 
Ditto, medium. 
Cedar, Lebanon, 

Maple, common, .625 

Abele, - .511 

Willow, . .406 

Horse chesnut, .684 

Liime tree, - .483 

Walnut, . .920 

Spanish chesnut, ) ^^^ 

green, ) * 

Acacia, green, .820 



.811 
.753 

.690 £bbe]s 
.486 



dudng fhe 
deflexioD. 
141 
113 
78i 
36 
65 
84 
41 

79 
84 
62 

68i 
125 



Spedfic 
gravity. 

Plane, dry, . .648 
Alder, ditto, .555 

Birch, ditto, .720 

Beech, ditto, .690 

Wych elm, green, .763 
liombardy pop- ) owj 

lar, green, '" * 
Honduras ma- 
hogany, 
Spanish ditto. 
Sycamore, 
Pear tree, green, .792 
Cherry tree, green, .690 



.560 

.853 
.590 



Weight pro- 
ducing the 
deflexion. 

99i 

80| 

90i 

974 
92 

56i 

118 

93 
76 
594 
924 



^54 
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When the weight is uniformly distributed over a beam, in 
place of acting at the middle part, the deflexion , produced is 
less, and the ratio between them is as 5 to 8. 

Colonel Beaufbjfa Ea^ermerUfP on the Stiffkess of Beams sup^ 
ported at one endy as reduced by Mr* Tredgold, 

Lengthy ^feet — Breadth arid Depth, 2 inches. 

Weight pfo- 
dudagit. 

lis lbs. 





Specific 

• _ 


DefiexuMi. 




gamtj. 




Dantzic oak, 


.854 


2.5 


English oak. 


.922 


1.176 


Ditto, another piece, - 


- 


1.5 


Riga fir, - - - 


.637 


1.34 


Pitch pine. 


- 


i.ia 



Having thus considered the stiffness of beams exposed to 
transverse strains, as measured by the degree of deflexion pro- 
duced by given weights, we shall proceed to detail the experi- 
ments that have been made on the absolute strength of materials. 

Experiments an the Strength of Timber supported at both ends. 

1. Barlow's experiments. 

Lengthy Ifeet — Breadth and Depths 2 inches, 

• Specific Deflexion Weight wbicli 

gtavity. in mches. broke it,^bf. 

Teak, . . .744 4.00 820 

Mar forest fir, - .715 5.5 360 

2. Ebbels' experiments. 

Lengthy 2.6 feet — Breads and Depth, 1 inch. 



Spedffc 


Weight thatl 


Specific 


Wev^tthaC 


gravity. 


broke it. 


gravity. 


broke It. 


Oak, medium, - .748 


284 


£hn, Wycb, green, .763 


192 


Ditto, green. . .J63 


219 


Acacia, green, .820 


249 


Beech, medium, .690 


271 


Walnut, green, .920 


195 


Alder, - - .555 


212 


Poplar, I^mbudy, .374 


131 


Pkne tree, - .648 


243 


Birch, - -. .720 


207 


Sycamore, - .590 
Chesnut, green, .875 


214 
180 


Scotch fir, £ng. \ .^ 
lish growth, / '^^ 


U7 


Aah, meidium, - .690 


254 


Spruce fir, Bri- \ >., 
tish growth, ; -^^^ 


186 


£hD, common, - .544 


216 


3. Mr. Tredgold's experiments. 




Length 2 feet — Breadth and Depth, 1 inch. 




Spec. 


Weight that 
broke it. 


Spec. Weight that 


grav. 


grav. 


broke It. 


Oak, English, 1 ^^« 
young tree, J " '^^^ 


482 lbs. 


American white eprace, .4(^5 
American pine, Wey- 


285168. 


Oak, Riga, - .688 


357 


mouth, - - .460 


329 


I>o. old tree, - .625 


218 







^ In the Annah of Pkiloaophy^ voL ix, pp. 274 to 306, the reader will find 
immense body of valuable experiments on the strength of materials, by Colonel 
BeHufoy. 
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• Lengthy SS.Sfeet — BreddA and Depih^ 1 inch. 

spec. Weight, Uttt Spec. Weight th«C 

gtav. broke it. grav. broKe it. 



Oak, old ship timber, .872 264 lbs. 

Ash, - . .753 314 

Mahogany, Spanish, 1 ^^ , - 

seasoned, - / * 

Do. Hondaras do. - .660 255 

Willow, - - .405 146 

Fir, fiiga, - .480 212 



FirMemel, - .554 2181bs. 

Do. Norway, Long. Iggg 3^^ 

sound, • j 

Larch, dioice spec .640 253 

Do. medium, - .622 223 

Do. very young, - .396 127 



Eaperimenis on the Strength of Wood supported at both ends. 

1. Barlow'^s experiments. 

Length SJeet-^Breadffi and Depth 2 inches. 

Beedi, • .70O 401 \\ Ash, - - .658 436 

Lengffi^ 2 feet — Breadth^ 1 inch — Depths 2 inches. 

Beech, - - .740 352 || Ash, - - .730 321 

2. Beaufoy^s experimetits. 

Lengthy 4tfeet — Breadth and Depths 2 inches. 



Oak, English, . .922 266 
Do. Dantzic, - .854 210 



Fir, Riga, - .537 210 

Pitch pine, - - 270 



8. Peake and Barrelier's experiments. 

Length J &Jeet — Breadth and Depths 2 inches. 



Ash, green, - .858 239 
Teak, old and dry, .606 257 

Virginia yeUow pine, .522 147 



Canadian white pine, .618 122 
lATch, - - .526 1G2 



Mr. G. Rennie^s Experiments on the Strength of Bars of Cast 

Iron. 
In the following experiments the bars were loose at the ends, 
and they all contained the same area, though differently distri- 
buted as to their form. 

Weight of Distance of Weight that 

1. Bac 1 inch square, 

2. Do. Do. 

3. Half the above bar, 

4. Bar 1 inch Square through 

the diagonal, 

5. Half the above bar, 

6. Bar 2 inches deep, and 

^ inch thick, 

7. Half of the same bar, 

8. Bar 3 in. deep by | in. thick, 9 

9. Half the above bar, 
10. Bar 4 inches by \ in. thick, 9 



ban. 


bearings. ■ 


broke them. 


lbs. oz. 


ft. 


in. 


lbs. 


10 6 


3 





89f 


9 8 


2 


8 


1086 




I 


4 


2320 - 


2 8 


a 


8 


851 




1 


4 


1587 


9 5 


2 


8 


2185 




1 


4 


4508 


9 1 


2 


8 


3588 




1 


4 


6854 


9 7 


2 


8 


3979 
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Equilateral Triangles with the Angle up and down. 

Weight of Distance of Weight that 
bars. bearings. brolu them* 

lbs. oz. ft. in. lbs. 

11. Edge or angle up, - 9 11 2 8 1437 

12. Do. do- down, -97 28 840 

13. Half of the first bar, - 1 4 305gi 

14. Half of the second bar, - 14 1656 

A Feather-edged or j- Bar wcls cast of the following dimensions, 

15. Two in. deep by 2 wide, 10 0edgeup2 8 3105 

The following experiments were made by Mr. G. Rennie 
on the bar 4 inches deep by i thick, when diflTerent forms were 
given it, and when its bearings were 2 feet 8 inches distant. 

Weight that broke it. 

16. Bar formed into a semi-ellipse, 7 lbs. - 4000 lbs. 

17. Do. parabolic, on its lower edge, - 3860 

18. Do. when 4 inches deep by i mch thick, 3979 

The following' experiments were made by Mr. G. Rennie 
when one end of the bars was made fast, and the weight sus« 
pended at the other end, at the distance of 2 feet 8 inches from 
the bearing. 

19. A bar 1 inch square bore - • - _ 280 lbs. 

20. A bar 2 inches deep by i an inch thick, - 589 

21. An inch bar, the ends made fast, bore 1173 

Mr. Rennie tried the paradoxical experiment mentioned by 
Emerson in p. 114 of his Mechanics^ viz. that a bar which has 
the form of an equilateral triangle is made stronger by cutting* 
off a portion of it. 

Such a triangle, when tried in its complete state, 

as in Experiment 12, bore only - 840 lbs. 

But with the piece cut off it sustained - 1129 

Account of M, Ihdeau's Eocperiments on the Strength of 
Malleable Iron eocposed to Transverse Strains. 

In the Memoir of M. Duleau already mentioned (See p. 245) , 
he has given the following theoretidaP rules for horizontal bars 
of malleable iron. 

1. In rectangular horizontal bars of different dimensions, 

and loaded in the middle, the deflexion, when the weight is the 

« 

7 It may be necessary to warn the reader, that Dr. Thomson, in his History nf 
Science for 1819, has given these theoretical rules as the results of M. Duleau's ex- 
periments, and has altogether omitted the experimental results. 
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same, is inversely as the cubes of the lengths, and directly as 
the breadth and the cubes of the thicknesses. 

2. The resistance of a square bar, whether placed on its face 
or on its angle, is the same. 

3. The resistance of a cylindrical is to that of a rectangular 
bar, whose side is equal to the diameter of the first, as three-, 
fourths of the circumference of a circle is to the section of the 
circumscribed square. Hence the resistance of a cylinder is to 
that of a square bar as 20 to 21. 

4. When a bar is under the influence of its own weight 
merely, its deflexion is to that which the same weight would 
produce if collected in its middle point, as 5 is to 8. 

5. When a bar is under the influence of its own weight, but 
supported by its middle, the deflexion is to that which the same 
weight would produce if half of the weight was placed at each 
end, as 3 to 8. 

In reference to these theoretical results, M. Duleau made 
more than 40 experiments on malleable iron bars, which varied 
in length from 39.37 inches, to to 16.4 feet, and from one-fifth 
of an inch thickness, to about 4 inches. 

In 36 experiments relative to rectangular bars, the experi^ 
mental result was to the theoretical result as 0.968 to 1. In a 
very small number of experiments, the diflference was remark- 
able, the ratio being in one as 1.26 to 1, and in another as 0.77 
to 1. 

The experimental result of five trials with round bars was 
to the theoretical one as 1.005 to 1. 

M. Duleau found that a bar of 7.87 inches in breadth, and 
0.78 of an inch thick placed between two bearings 6.66 feet 
distant, had a deflexion of 0.394 of an inch under a weight of 
160 kilogrammes. 

From these experiments M. Duleau has concluded that the 
quality of iron has very little influence on its resistance at the 
beginning of the deflexion. Iron forged in England is an excep- 
tion, as it exhibits some of the irregularities of untempered steel. 
M. Duleau has also investigated the strength of bars with an 
interval between them, but bound together in such a way that 
they can neither separate nor rub upon one another. The 
principle upon which he computes the strength of any system 
of bars thus united, is to find its strength if the whole were one 
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soEd mass, and then to subtract from it the strength of the 
solid made up of the intervals. Hence he finds, 

That if two rectasgular bars of equal dimensions are placed 
the one above the other at a distance a, and united so that 
they can neither separate nor rub upon one another, the re- 
sistance of the syst^Dd of these two pieces is proportional to 
(^ + 0)^ — 0?, that is, to the diflFerence of the cubes of the 
whole thickness of the system, and the thickness of the inter- 
val, e being the sum of their thicknesses. 

Hence it is. easy to see how the resistance of the system in- 
creases with the Instance a^ (^ the beams. If we call ^ = 1, and 
a = 14.50, the resistance of the system will be 180 times greater 
than that of a piece of the same breadth, and having a thick 
ness equal to 1. These numbers are derived from an expert- 
meat which gives the above result within 1-7 th. After having 
verified this law by several experiments, he bound together the 
bats of 6 metres long (19»68 feet) and O^'.Oll thick, kept at the 
distance of 14.5 times this thickness by a St. Andrew^s cross^ and 
a tie often employed in iron bridges. The theoretical strength 
of this system is 1443 times that of one of the two pkces ; 
but experiment made it only 1260 times, a difference which M. 
Puleau attxibutes to the flexion of the St. Andrew^s cross. 

In applying the same considerations to a hollow tube, M. 
Puleau finds that its resistance to twisting is proportional to 
the difference between the 4th powers of its exterior and in- 
terior diameter ; but he has not verified this theoretical result 
by experiment. Hence it would fi>]low that a hollow tube, 
whose thickness is l-20th of its diameter, will liave a resistance 
9i times greater than a cylinder of the same weight. 

Mr Duleau's results for curved bars are new and interesting. 

When a curved rib is loaded in its middle, the descent of 
the loaded pdnt is, with small weights, equal to 2-3ds of the de- 
flexion, which the same weight would produce in a rectilineal 
bar of the same width and thickness a,s the curved rib, but of a 
length three times less, resting by its extremities on two bearings. 

The curved rib is quite bent by a weight equal to three 
times that which would produce a deflexion equal to that of 
its own curvature when the rib is straightened and placed 
horizontally on two bearings. The curved rib will bend under 
two weights equal to the preceding, if they are placed in eadii 
at the sixth part of its length from each extremity. 
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The most unfavourable point at which a curved rib can be 
loaded is at the 4th part of its length from either extremity. 
It then bends under two times the weight capable of producing 
the primitive deflexion, when it is straightened and placed ho- 
rizontally in two bearings. 

The curved ribs by which the above theoretical propositions 
were confirmed by repeated observations, had 6.4 metres for 
the length of the chord, with a thickness of O'^.OB and 0*.02, 
and a deflexion of 0"*.70. 

IV. On the Strength of Materials ^hen Twisted, 

The strength of axles and other parts of machines which re- 
sist the force of being twisted, was supposed to be proportional 
to the cube of their diameter. M. Duleau, however, has ar- 
rived at a different conclusion. By considering that the angle 
of tension is the same for all the particles situated in each sec- 
tion, and that this angle varies from one section to another, 
and in any given section is proportional to its distance firom 
the twisted extremity of the bar, he concludes that the resist- 
ance which a piece of round iron opposes to tension is invensely 
a3 its length, and directly as the 4th power of its diameter. 
Twelve experiments made on pieces, whose diameters varied 
from C^.OOS to C^.OSe confirmed this theory, and the general 
resuk of them was, that a round bar one millimetre long, 
and 0"*.01 in diameter, was twisted 1° by the action of a weight 
of 92 kilogrammes acting on the circumference of the bar. 

A very valuable set of experiments on the twisting of \ inch 
cast iron bars has been made by Mr. G. Rennie. The appa- 
ratus which he used consisted of a wrought iron lever, two feet 
long, having an arched head about l-6th of a circle of 2 feet 
radius, of which the lever represented the radius. The centre 
about which it moved had a square hole made in it to receive the 
end of the bar to be twisted. The other end of the bar was fix- 
ed in a square hole in a piece of iron, and this again in a vice. 

1. On Twists of \ inch Bars, close to the bearings. 

Weights with which they were twisted. 
Horusontal cast. Vertical cut 

101b. 4oz. 101b. 8oz. 

Bad casting, 8 4 10 13 

10 11 10 11 



Average, 9 17 Average, 10 10 
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Different Metals. 



Cut steel, . 171b. 9 oz. 

Sheer iteel, - - 17 1 

Blister iteel, - 16 11 

English iron, wrought, 10 2 
Sw^sh iroB, wrought, 9 8 



Hard gun metal, • 5 lb. of. 
Fine yellow brass, - 4 11 
Copper, cast, - - 4 b 

Tin, .--17 
Lead, - - 1 



2. On Twists qf\ inch Bars of different kngths. 

Cast horizontal. Cast yerticaL 

ibyi 71b. 3 oz. 101b. loz. 

4by| 8 1 8 9 

Jbylin. 8 8 8 5 

Twists of bars cast horizontal at 6 inches from the beanng. 

i Inch square by 6 inches, 10 lb. 9 oz. 

\ Ditto by ditto, 9 4 

i Ditto by ditto. 9 4 

Twists of \ inch square bars cast horizontally. 

Qrs. lb. oz. 

i Inch close to the bearing, 3 9 12 End of bar hard. 

I Inch ditto, 2 18 Middle of bar. 
i Ditto at 10 inches for bearing, 

Lever in the middle, 1 24 

From these experiments Mr. Rennie concludes that the ver- 
tical casts are stronger than the horizontal ones ; but if we 
throw out of the experiments the badly cast specimens, the dif- 
ference between the horizontal and vertical casts is very trifling. 

When the averages of the two kinds of casts are taken con- 
jointly, and compared with a similar cast of half inch bars, the 
strength of the bars appears to be nearly as the cubes of their 
diameters. * 

In the horizontal castings of different lengths, the resistance 
is greater when the lengths are increased ; but with the vertical 
castings the reverse is the case. In the horizontal castings, 
at 6 inches from the bearing, there is a perceptible increase in 
the resistance ; but it is not so great as when the twist was made 
close to the bearing. 

For an account of the principles of carpentry, the reader is 
referred to the Edinburgh Encychpasdia^ Art. Carpentry^ and 
to Mr. Tredgold's valuable work already quoted. 

3 Mr. Rennie has, by mistake, given this table twice in the same paper. In 
the repeated table he makes the resistance of cast steel 19 lbs« 9 oz., and in the 
first 17 lbs. 9 oz. The latter is probably the correct result. 
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CHAPTER X. 

DESCKIPTIOM OF SIFFESEMT MECHANICAL ENGINES. 

1. DescTvption of a Simple and Powerful Capstane. 

This capstane is represented in Plate VIII, Fig. 11, where A D 
is a compound barrel, consisting of two cylinders C, D of dif- 
ferent radii. The rope DE C is fixed at the extremity of the 
cylinder i?, and after passing over the pulley £, which 19 at- 
tached to the load by means of the hook Fy it is coiled round 
the other cylinder C, and fastened at its upper end. A Bis 
the bar by which the compound barrel CD is urged about its 
axis, so that the rope may coil round the cylinder i?, while it 
unwinds itself from the cylinder C Let us now suppose that 
the diameter of the part D of the barrel is 21 inches, while 
the diameter of the part C is only 20, and let the pulley E 
be 20 inches in diameter. It is evident that when the barrel 
^ i> is urged round by a pressure exerted at the point B^ 63 
inches of rope will be gathered upon the cylinder i?, and 60 
inches will be uncoiled from the cylinder C by one revoluttpn 
of the bar A By these numbers representing the circumference 
of each cylinder. The quantity of wound rope, therefcare, ex-* 
ceeds the quantity that is unwound by 63 — GOy or 3 inches, the 
difference of their respective perimeters ; and the half of this 
quantity, or I4 inches, will be the space through which the 
load, or the pulley E moves by one turn of the bar. But if a 
simple capstane of the same dimensions had been employed^ 
the length of rope coiled round the barrel by one revolution of 
the bar would have been 60 inches, and the space j^etbodof 
described by the pulley or load to be overcome would computing 
have been 30 inches. Now, it is a maxim in me- "' P<»^^'' 
chanics,^ that the power of any engine is universally equal 
to the velocity of the impelled point divided by the vielocity 
of the working point, or to the velocity of the power divided 
by the velocity of the weight, that is, to the velocity of the 
point B divided by the velocity of the pulley E ; consequent-. 
] J if the lever in both capstanes is the same, and the diajxie* 
ter of their barrels equal, the power of the common will be 
to the power of the improved capstane as 1 ^ to 30, that is, 

1 Sec VoL I, pp. 38, 39. 
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inversely as the velocity of their weights, and the power of the 

30 
latter will be jj = 20, or in other words, will be equivalent to 

a 20 fold tackle of pulleys.* If it is wished to double the power 
of the machine, we have only to cover the cyUnder C with lathes 
a quarter of an inch thick, so that the difference between the 
radii of each cylinder may be half as little atf befidf e 'r for the 
power of the capstane increases as the diffiEir^ce between the 
radii of the cylinders is dimii^ished. As we increase the pow^, 
therefore, we increase the strength of our machine, while all 
other en^nes are pioportionably enfeebled by an augmenta- 
tion of power. Were we, for example, to increase the power 
of the common capstane, we must diminish the barrel in the 
same proportion, supposing the bar or handspike not to admit 
of being lengthened, and we not otAy weaken its strength, but 
destroy much of its power by a greater flexure or bending of 
the ropes. 

Convertible The reader will perceive that this capstasie may be 
into a crane converted into a crane or windlass fcH* raising weights, 
merely by giving the compound barrel ABbl horizontal posation, 
and substituting a winch instead of the bar AB, The supe- 
riority of such a crane above the common one is obviouB fbom 
what has been said ; but it has this additional advantage, that 
it allows the weight to stop at any part of its progress, without 
the aid of a ratchet wheel and catch, from the' two parts of the 
rope pulling on contrary sides of the barrel. The rope, indeed, 
which coils round the larger part of the barrel acts with a larger 
lever, and consequently with greater force than the other ; but as 
this excess of force is not sufficient to overcome the friction of the 
gudgeons, the weight remains stationary in any part of its path. 
. A crane of this kind was erected in 1797 at Bordenton m 
New Jersey, by Mr. M*Kean, for the purpose of raising logs 
of wood to the frame of a saw-mill, which was 10 feet distant 
from the ground. The diameter of the largest cylinder was % 
feet, and its length 8 feet ; the other cylinder was 1 f«x>t in 
diameter, and of the same length with the largest. The differ- 
ence of their circumferences, therefore, was 3 feet, and the 1<^ 
would move through a space of 18 inches with 1 turn of the 

' In practice it will be foimd equivalent to a 2G fold tackle of pulleys, as about 
oiiQ third of the power of a system of pulleys is destroyed by friction and the bending 
of the ropes. 
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handspike ; and throu^ the required height with only 8 tums» 
The length of the bar or handispike was 6 feet, which, at the 
point w^here the power was applied, described a circle of about 
dOfeet,sothatthepowerof thecrane wasasl to20. The length 
of the rope was only 55 feet, whereas if the weight had been 
msed through the same height with a similar power by means 
of a tackle of pulleys, 270 feet of rope must have been em 
ployed. In the latter case, however, the rope sustains only 
Jj^ of die weight, but in the former it supports one half of the 
load. 

In describing a capstane of this kind. Dr. Robison remarks, 
that when the (tameters of the cylinders which compose the 
double barrel are as 16 to 17, and their circumferences as 48 
to 51, the pulley is brought nearer to the capstane by about 3 
inches for each revolution of the bar. This, however, is an 
oversight, as the pulley is brought only 1^ inches nearet the 
axis. In order to understand this, let us conceive a quantity 
of rope equal to the circumference of the larger cylinder to be 
wound up all at once, and a quantity equal to the circumjference 
of the lesser one to be unwound all at once» In the present 
case, 51 inches of rope will be coiled round the larger part 
of the barrel by one revolution of the capstane bar, and con- 
sequently the load would be raised 25^ feet, the rope be- 
ing doubled. Let 48 inches of rc^ be now unwinded from 
the lesser cylinder, and the load will sink 24 feet ; therefore 
25i — 24 = li feet is the whole height or distance through 
which the weight has been moved. 

This capstane appears to have been the invention of George 
Eckhardt, and likewise of Mr. Robert M^Eean of Philadelphia, 
son to the present governor <rf Pennsylvania. Dr. Gregory ob- 
serveis^ that he has seen a figure of a similar capstane among 
some Chinese drawings nearly a century old. 

The principle on which the pre^'eding capstane is constructed 
might be applied with advantage when two separate axles A C, 
B D (Plate VIII, Fig. IS), are driven by means of the winch H 
and the wheels B and A. It is evident that when the winch 
is turned round in one direction, the rope R is uncoiled from 
the axle BD ; the wheel B drives the wheel J, so that the 
axle A C moves in a direction opposite to that of B J9, and the 
rope is coiled round the axle A C. If the wheels A, B are of 
the same diameter and the same number of teeth, the weight JV 
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will be stationary, as the rope coiled about one axle will be al- 
ways equal to what is uncoiled from the other. 

If it should be required to have the axles of the same dia- 
meter, the wheel A might be made to revolve either slower or 
faster than B by varying either their size or their number of 
teeth ; or the two wheels might be placed upon one another 
as in the Odometer shewn in Plate I, Fig. 9 (See page 88, 
note,) The one wheel might have 100 and the oUier 101 
teeth ; the axles might extend beyond the outer surfaces of 
each wheel to receive the ropes ; and if the wheels were driven 
by a winch and endless screw, the two axles would revolve 
with different velocities. 

2. On the Principle and Construction of Lever Presses. 

During the last twenty years very great improvements have 
been made in presses both for printing and other purposes. These 
improvements have consisted chiefly in adapting a kind of me- 
chanical power, which has been generally called a combination 
of levers. Let AB.BC (Plate VIII, Fig. 13), be two levers 
joined together at B^ let ^ C be moveable round the fixed point 
C, and let the extremity A .be confined to move in the straight 
line A C If the force is now applied to i? in the direction B 2>, 
the power of thrusting possessed by the extremity A will be very 
great, and will increase as the point B approaches to D. In 
this case the power is to the resistance as Tang. BA C + Tang. 
BCA'A, orwhenABz=BCa&2Tmg. BACih 

If the power is applied in a direction at right angles 
to B Cy then the power will be to the resistance as Sin. 
ABC: COS. B AC; or when A B=B C, the power will be to 
the resistance as 2 Cos. ^BACil; oi as 2 B D: A B or BC.^ 
Upon this principle the presses of Mr. Kuthven, and that of 
Mr. Clymer (called the Columbian press), have been con- 
structed, and it is capable of an immense variety of beautiful 
and useful applications. Mr. Wells of Hartford has still 
more recently introduced it into a new press, which has been 
pronounced by competent judges to be of a very superior kind, 
and which we shall therefore describe, in Mr; Fishery's words, 
as it is yet in a great measure unknown in this country. 

' See Professor Fisher's paper on printiiig prestes in tlie American Journal of 
Science f vol. iii, p. 320. 
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^^ A perspective view of this elegant piece of mechanism is 
given in Plate VIII, Fig. 14. The frame is of iron, cast (with 
the exception of the feet) in a single piece ; and is of such form 
and dimensions as to be incapable of springing while the press 
is in operation. The platen (4) is of cast iron, and is of the 
dimensions of an entire form. The circular projection in the 
middle, with six radiating pieces, gives it an ample degree of firm- 
ness. The platen is immediately acted on by bringing nearly into 
a straight line the two main levers (6) and (17). These levers, 
in presses of the medium size, are fifteen inches each in length, 
and in the position represented in the figure, which is that of 
the greatest obliquity, they want two and 'a quarter inches at 
their point of contact of being straight. The lower end of 
each lever is four inches broad, and is rounded ofP into a por- 
tion of a cylindrical surface of half an inch radius. A piece of 
steel fixed within die circular projection in the middle of the 
platen has a hollow bush or bed of corresponding figvu-e : in 
this the lower end of the lever (17) is set The upper end of 
this lever is hallowed out in the same manner to receive the 
lower end of (6), and the upper end of (6) to receive a pro- 
jection from the under side of the top of the frame. At (5) 
there is a prcrvision for raising or lowering this projection by 
slips of sheet iron or tin, and thus adjusting the position of the 
levers to the best working state. The ends of the levers and 
the beds in which they rest are overlaid with steel, and the 
beds are so contrived as permanently to retain a small quanUty 
of oil. (9) is a spindle of wrought iron, fastened at the upper 
end by a screw and nut to the shorter arm of the balance 
lever (7), and branching below into three parts, each of which 
is attached by an adjusting screw to the platen. This answers 
the double purpose of keeping the platen steady, and enabling 
the weight (18) attached to the longer arm of the lever (T) 
to lift the platen and carry back the bar immediately after 
each pull. The platen is still farther guided by lateral pro- 
jections which run in grooves connected with the cheeks of the 
press. 

*^ The mode in which the movement of the working bar (12) 
is transmitted to the main levers will be best understood from 
Fig- 15, which is a representation of the parts 11, 12, 13, and 
15, as they would appear to an eye looking down upon the 
press from above. The bar B A (the levur worked with the 
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hand) is inserted into a strong cost iron roller (13) which tutus 
in sockets secured to the right cheek of the press. From this 
roller, about 6 inches above the bar, piooeed* on arm A Cy three 
inches in length, and to the extremity of this is connected by 
a joint the driving lever C D, 31| inches long. The extiremity 
D is connected in a umilar way with the iron rod E F ; one 
end slides in a pewter guide (represented by 10 in Fig. 14), 
while the other end is fastened by a hook and eye to the upper 
main lever (6) at the distance of an inch from the bottcHn. 
(16) is a bar check, which limits the revoluticmt of the bar to a 
precise arc. The carriage part of the press, which stands in 
front of the upright iron frame, presents nothing materifdly 
different from the Columbian priess, and will not require a par^ 
ticular description. 

" The operation of the mechanism will now, it is believed, be 
sufficiently apparent. When the bar JB ^ is brought round, 
the roller A and the arm A C are made to turn with it : this 
drives forward the lever C D, and this in its turn gives motion 
to JE jF, which by means of the elbow at F brings the two main 
levers (6) and (17) towards the position of a straight line. 
As the movement of the bar is continued, the mechanical ad* 
vantage not only increases from the gradual approach of the two 
mam levers to a vertical position, but from the approach oi AD 
and A C towards a straight line. The combination is therefore 
one which is eminently adapted to effect that rapid increase of 
power near the end of the pull, which has been already men- 
tioned as the great desideratum in the construction of this part 
of the printing press. 

*' To. determine the actual gain of power at the beginning 
and at the end of the pull, measures have been taken from 
an individual press of the lines necessary for the computation. 
When the bar was thrown back, the angle AC D (of the triangle 
ADC formed by joining the three centres of motion with 
straight lines) was found to be = 113^52', Cl> J = 7^ U\ and 
the distance of the centre of motion of the two adjacent ends 
of the main levers from the straight line joining their outer ex- 
tremities = 2\ inches- The length oi AC was 8J, and the 
distance from A to the part of the handle where the hand was 
generally sipplied was 9A inches. Hence, as will appear from 
the theorems given above, the gain of power ivill be found by 
compounding the four following ratios : 24 to 3J ; cos. 70° 12' 
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to siB. 113' 5S'; 15 to 2x2i; and 14 to 15; which gives 
^ total of 20 to 1. 

'< Atth^endof the pall the angle j< C D = ITS'^ the angle 
CD A S2 V %% and the distaiice of the vertical levers frcnn a 
straight Hne, according to the specificalion of the inventor, wluch 
was found nearly exacts := half an indb. Hence the gain of power 
will be found by compounffing the following ratios : 24 to 3^ ; 
COS. V 8' tosin. ITS'"; 15 to 2 x i; andl4to 15; which ^ves 
a result of 763 to 1. It thus appears that the power gained is 
about thiitj-eigfat times greater at the end than at the be^n- 
ning of the pull." 

3. DescrvpAon of the ThroiMng Machine. 

In a country like this, where agricultmiB has . . 
arrived at such a high state of perfection, the uti* macliLQM for 
lity of thrashing machines cannot be called in ques- abridgmg 
lion. The univei^sal prevalence of these engines 
is a strong proof that they are advantageous to the farmer; 
and, however much sottie men may inveigh against the adop« 
tion of e^ry kind of machinery that has for its object the 
abridgment of manual labour, yet we are convinced that no 
evil coiiseqtieiices can possiWy accrue from their introduction ; 
and that such insinuations have a tendency to inflame the 
minds of the vulgar, and retard the progress of science. As 
a proof of this, we might mention the fate of the celebrated 
Arkwright, the inventor of the fly-shuttle, whom the fury of 
an EngHsh rabble banished from his native country. 

The thrashing machine was invented in Scotland, ^^^ ^ 
in 1768, after five years labour, by Mr. Michael thethwrfiiiig 
Staling, a farmer in Perthshire. The honour of "'**^°*- 
this invention has been claimed by Mr. Andrew Meikle, an 
ingenious mill-wright in East Lothian, who obtained a patent 
tat one of these machines about the year 1786 ; and in this 
country his claims have been generally admitted. Mr. Meikle, 
however, was merely an improver of the thrashing machine, 
and I am assured by a gentleman of the most unquestionable 
authority, who, from his local situation, had access to the best 
information, that Mr. Meikle had seen Mr. Stirling''s thrashing 
machine before he erected any of his own, and that he merely 
altered and improved it. About 26 years prior to the date of 
Mr. Stirling's invention, a thrashing machine was constructed 
in Edinburgh, by Mr. Michael Menzies, which operated by 
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the elevation and depression of a number of flails, by means of 
the motion of a crank ; and in ITBT, the model of a thrashing 
mill, invented by Mr. Evers of Yorkshire, was laid before the 
Society of Arts in London, who rewarded the inventor with 
a premium of i£^60. This machine, which was driven by 
wind, consisted of a number of stampers, that beat out the 
grain when laid upon a moveable thrashing floor, and was ac- 
tually used on a large scale in Yorkshire, where it received the 
approbation of several intelligent gentlemen of the county.** 
All these machines, however, and others of a similar kind, are 
completely defective in principle, and are greatly inferior to 
the worst of those now in use, which operate by the revolution 
of a thrashing scutch furnished with beaters, — the exclusive 
invention of our countryman Mr. Stirling. 

Wherever a sufficient quantity of water can be procured, it 
should always be employed as the impelling power of thrashing 
machines. There are many situations, however, in which it 
cannot be obtained ; and as the erection of steam-engines and 
wind-mills would be too expensive for the generality of farmers, 
they are under the necessity of having recourse to animal power. 
In Plate IX, Fig. 1, is represented a thrashing machine, 
which may be driven by four or six horses. To the vertical 
axis M six strong bars are fixed, called the horse poles, four of 
which P, iJ, S^ L, are visible in the figure, and to the extre- 
mity of each of these poles two pieces of wood, like 0/7, are 
attached, to which the horses are yoked when tlie machine is to 
be used. Upon the top of the six poles is placed the large 
bevelled wheel A B, containing 270 teeth, which drives the 
pinion B C of 40 teeth ; on the axle N is also fixed the wheel 
D D, which carries 84 teeth, and drives the pinion b of 24 teeth, 
placed upon the axle b Jc, Upon the same axis the wheel E E 
revolves, carrying 66 teeth, which drive the pinion c of 15 
teeth, and consequently the thrashing-drum x J7, which is fixed 
upon the same axle. The feeding rollers are driven by the in- 
tervention of the foi|p bevelled wheels i, A, ^, d, the. latter of 
which is fastened on the axis of the upper feeding roller. The 
wheel «, upon the gudgeon i 6, contains 25 teeth, tlie wheel h 
24 teeth, e 22 teeth, and d 21 teeth ; but when the fluted rol- 
lers require a greater velocity, e is taken from its iron axle, 
and a greater or less wheel substituted in its room. The short 

^ Bailey's Drawings of Machines laid before the Society ot Arta, vol. i, pp. 64-59. 



CU. X. 



ON THE THRASHING MACHINE. 



269 

axle bk is furnished with a pulley p, which, by means of the 
leathern belt J7j9, gives motion to the fanners placed below the 
thrashing scutch and straw-shaker. 

Fig. 3 represents a plan of the wheels, thrashing^rum, and 
straw-shaker, where the corresponding parts, in Fig. 1, are 
marked with similar letters. The small wheels g and Ar, how- 
ever, which convey motion to the straw-shaker, are not seen in 
Fig. 1. The largest one g is fixed on the axis JV, and carries 
38 teeth. It drives A;, which contains 14 teeth, and is placed 
upon the axis of the straw-shaker K K, 

An elevation of the working parts of the machine is deli- 
neated in Fig. 8, where the corresponding parts in the plan and 
section have the same letters affixed to them. The sheaves of 
com are spread on the feeding-board O, drawn in by the rollers 
if i, and thrashed by the beaters o, o, which strike downward. 
Part of the corn falls through the rack i r, and some part of it 
is carried along with the straw into the larger rack r jp, where 
it falls into the hopper below, while the straw is thrown out at 
the opening n p. The drum and straw-shaker are surrounded 
with a covering of wood imn. The following Table exhibits, 
at one view, the number of teeth in the wheels, and the diffe- 
rent velocities with which they move. 



Names of the wbeek. 


Number of teeth 
in each wheel. 


Number of turns for one 
of the wheel. 


Plate IX, Figs. 1,2,3. 


Teeth. 


Turns. Dec 


JB 
BC 
DD 

b 

EE 

c 

Thrashbg-scutch 

g 
k 

Straw-sbaker 

• 

t 
h 
e 
d 
Feeding rollers 


270 

40 
84 

66 
15 


38 
14 


25 
24 
22 
21 




1.000 

6.750 

6.750 

23.625 

23.625 

108.950 

108.950 

6.750 

18.293 

18.293 

23.625 

24.617 

26.867 

28.199 

28.199 
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Y. . . In ntuadons where there is an occasional supplv 

xnvren by , i . i • . i^^^ 

hones and of water, thrashmg macbmes are sometimes oon- 
^^^' structed so as to be driven either by horses or water. 

In this case, the water-wheel has the position L H (Fig. 1), 
and is furnished with a large wheel G H^ consisting of seg- 
ments of cast iron firmly fixed to the arms of the water-wbeeJ. 
The wheel G H fixed on the horizontal shaft JV, drives F G, and 
thus communicates motion to it and the rest of the machinery. 
When there is no water for impelling the mill, the water-wheel 
L His either lowered in its frame, or one of the segments is 
taken from the wheel G H, in order to keep it clear of the 
wheel FG; and when there is a sufficient discharge of water, 
C ^ is either raised above AB, or A B is deprived of a few 
teeth, whidi can be screwed and unscrewed at pleasure. Some- 
times, when there is a small supply of water, its energy may be 
combined with the exertion of one or two horses. 
Dri en b ^^ *^ thrashing machine is to be driven by wind, 

wind or the motion is conveyed to the axle N by the small 
steam. wheel m C, fixed at die bottom of the vertical axis n, 

whidi is moved by the wheel upon the windshaft. If the mill 
is to be moved by steam, which is considered by many farmers 
as advantageous on a large farm, the fly must be fixed on the 
axis iV, parallel to the horizon. 

Power of ^^^ (juMitity of com which a machine will thrash 

thrasbang in a given dme depends so much upon the judicious 
mac es. formation and position of its parts, diatone machine 
will often perform double the work of anoth^, though con- 
structed upon the same principles, and driven by the same im- 
pelling power. Misled by this circumstance, those who have 
given an account of the power of their thrashing mills have 
published merely the number of bolls which they can thrash in 
a given time, without mentioning the quantity of impelling 
power, or the number of horses employed to drive them. 

Mr. Fenwick, whose labours in practical mechanics we have 
already nientioned with commendation, has furnished us with 
some important information upon this point. He found, from 
a variety of experiments, that a power capable of raising a 
weight of 1000 pounds, with a velocity of 15 feet per minute, 
will thrash two bolls of wheat in an hour ; and that a power 
sufficient to raise the same weight, with a velocity of 22 feet 
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per xmnute, will thrash three boUs of the siime grain in au 
hour. From these facts, Mr. Fenwick has computed the fol* 
lovii^ Table, which is applicable to machines that are driven 
either by water or horses. 

Table of the Power of ThrcLshing Machines. 



Gallons of water 

per minute, ale 

measure, discharged 

on an overshot 

wheel 10 feet in 

diameter. 


Gallons of water 
permiaute, ale 
measure, discharged 
on an overshot 
wheel 15 feet in 
diameter. 


Gallons of water 
per minute, ale 
measure, discharged 
on an overshot 
wheel 30 feet in 
diameter. 


Number 

of horses 
walking 
d^houis 


Bolls of 
wheat 

tbraslied 
in an 
hour. 


BolbthmjiMd 

in 9} houn' 

actual working, 

or in a day. 


230 


160 


130 


1 


2 


19 


390 


296 


205 


2 


3 


28i 


528 


380 


272 


8 


5 


47i 


660 


470 


340 


4 


7 


66^ 


790 


565 


400 


5 


9 


85i 


970 


680 


SCO 


6 


10 


95 


1 


2 


3 


4 


5 


6 



The four first columns of the preceding table contain diffe- 
rent quantities of impelling power, and the two last exhibit the 
number c^ bolls of wheat in Winchester measure, which such 
powers are capable of thrashing in an hour, or in a day. Six 
horses, for example, are capable of thrashing 10 bolls of wheat 
in an hour, or 95 in the space of 9i hours, or a working day ; 
and 680 gallons of water discharged during a minute into the 
buckets of an overshot water-wheel 15 feet in diameter, will 
thrash the same quantity of grain. 



CHAPTER XL 



ACCOUNT OF THE APPARATUS FOE MAKING AND BUKNING GAS. 

The first person who appears to have obtained gas from coal, 
and to have converted it into flame, was the Rev. John Clayton, 
in the year 1739. It was not however till 1793 that Mr. Mur- 
doch of Soho actually employed gas for useful purposes, and 
succeeded in lighting up his house and offices at Redruth in 
Cornwall. He afterwards repeated his experiments at Old 



27^ ON THA GAS AFPAEATU8. CB. XI. 

Cumnock in Ayrshire, in 1796 ; and in 1798, when he went to 
Soho, he constructed a gas apparatus. Many years elapsed be- 
fore the public saw the advantages of this important discovery, 

, and though numerous trials were made on a small scale, yet it 
was not till the year 1805 that it began to excite general notice, 
after the cotton mills of Messrs. Philips and Lee of Manchester 
had been lighted up. Within the last ten years great improve- 

. ments have been made on the apparatus^ and all the principal 
towns in the kingdom are now lighted up with gas obtained 
either from coal or oil. 

In the manufacture of coal gas,Jcannel coal is generally pre- 
ferred, and one cwt. of it will yield about 520 cubic feet of gas. 

I The coal is placed in an iron retort, which is subjected to a 
strong heat. The gas is thus driven off mixed with the vapour 
of tar, oil, and water, and in this state is conducted by pipes 
into a refrigeratory or condensing apparatus, surrounded with 
cold water, where the vapours of the tar, oil, and water, are con- 
densed and fall down, while the gaseous product is conveyed 
along, containing several impure gases, such as sulphuretted 
hydrogen and carbonic acid. 

In order to separate the carburetted hydrogen, and the ole- 
fiant gases from these impurities, various contrivances have 
been adopted, and it is in this part of the manufacture that a 
considerable improvement still remains to be effected. 

The usual method of purifying the coal gas is to make it 
pass through a mixture of lime and water called Milk ofLime^ 
or Lime Cream^^ which absorbs the contaminating gases. For 
this purpose a considerable number of purifiers are erected, and 
the lime and water are kept night and day in a state of constant 
agitation, either by a steam-engine, or by one or two men. By 
this means the gas issues in a state of tolerable purity, and is 
then conveyed by a pipe to the gasometer. 

The Gasometer is a large vessel, made of malleable iron, and 
either of a cylindrical or a rectangular form, and is suspended 
over a reservoir of water of a little larger size, by means of 
counter- weights. The gas is introduced by pipes ascending from 
the bottom of the reservoir, and rising a little above the sur- 

> * 

^ t)r. Hope found that subcaibonate of potash, or common potashes, or subcai^ 
bonat^ of soda, absorbed the contaminating gases with much more avidity than lime 
water ; and he proposed t/Q add 4 or 6 per cent, of it to the lime, and to use the lat- 
ter in t|ie slaked state. 
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fhoe of the water* As the gasometar is filling with gim, it gra- 
dually rises dat tf£ the water, and when it is filled no more gas 
is admitted, and its contents are ready to be distributed through 
the pipes by whidi it is to be conveyed to the manufactory, or 
t»ii» streets. As die gas is forced out fay the weight of the 
gaiK»0ter, and is burned, the gasometer descends gradually in 
the water tiU the whple of its contents are expelled, when it is 
again fiDed by a similar process. 

The gas being> thus ready for use, it must be carried cff by 
^pes whose Quieter is pmportional to the degree of light re- 
qiiiied. It has been found that a pipe 1 inch in diameter will, 
under a pressure of a column of water from |ths to fths of an 
itkchj supply gas equal to 100 candles ; and if there was nq fric- 
tion, the number of candies would be found fior other diame« 
ters of pipe by multiplying the square of the diameter of the 
pspe in indies by 100. The friction, however, dinunisfaea 
so rapidly with the diameter of the pipe, that the number of 
eandles is always greater than this rule gives. Thus a pipe 8 
inches in diameter will sup|dy light equal to 1000 candles^^ 
a pipe 4 inches, 8000— a pipe 6 inches, 6000— and a pipe 10 
inches, about 14,000. 

When the gas is to be burned, it is allowed to escape 
tkrough smalL circular apertures of from -^^A to ^^^th of an 
iodh in diaaetery which may be advantageoudy arranged in a 
eixde, like an argand burner, with a current of air running be- 
tween ihem. 



Description of tike OH Gas Appa/nOus. 

The public attention was first called to the gas from oil by 
the experiments of Dr. Henry in 1805 ; but it was not till 
1815 tliat Mr« John Taylor introduced on excellent apparatus 
for decomposing oil and other ammal substances. 

This apparatus in its most improved state is shewn in Plate 
yill. Fig. 16, where A A are cast-iron stoves lined with Inrick* 
work for holdmg the retorts, a a the doors for cleaning the 
retorts, 4 the fire-door, and c the ash-pit \ BB v& the frame 
work of cast-iron for suJ^Mirttng the rest of the apparatus, C 
the <h1 cistan, D a cock to allow the oil to enter by the funnel 
JE7, or by turning it in another direction to make it flow into 
the retort by the pipe F, through th^ perforated column G 6r, 
•the quantity of cnl being regulated by the small index cocks d, d, 
which are seen on an enlarged scale in Fig. 17. 
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After the oil lias been distilled by the retorts, which ai'e kep^ 
at a moderate red heat, the gas and oil vapours ascend through 
the perforated column H H^ by the moveable pipe /, into the 
condenser within the case J, which is filled with cold water so 
as to surround the condenser. The portion of oil vapour 
which accompanied the gas is now condensed by passing 
through a worm, and is conducted into the oil-dstem C by 
the short pipe JT, which by forming a oommunicatian between 
the retorts and the oil-cistern, permits the surface of the oil 
to be acted upon by the same pressure which exists in the re- 
torts. When the gas is thus freed from the oil vapour, it is. 
conteyed by the pipe L to the worm vessel M, This vessel 
has a screw-plug e for the introduction of water,, and two cocks, 
one for drawing off the water, and another for regulating tlie 
height of the water in the vessel, and for drawing off the con* 
densed oil that may occasionally accumulate. The gas being 
allowed to bubble through the water in the vessel M, is still 
farther cooled, and is conveyed by the pipe N to the gasome- 
ter, which is not shewn in the figure. The gascnnet^ is made 
<^ sheet iron, and is suspended by a diaiq passing over pulleys 
in a brick or cast-iron tank filled with water. 

An apparatus of the preceding kind, capable of producing 
from 1£ to 9Q argand lights, will occupy a space of only 4 feet 
by 8, and will require a height of only 8 feet. The great ad- 
vantage of an oil gas apparatus for private houses is, diat 
there are no disagreeable products in its distillation ; and on 
any particular occasion wax may be distilled by it in place of 
oil, and the finest species of gas obtained. 

The drawing in Fig. 14 represents the double apparatus 
erected at the Apothecaries-hall, London. It is 10 feet in 
front, 6 feet deep, and about 8 feet high. It is capable of pro- 
ducing from 1600 to 1800 cubic feet of gas at one operation, 
or without cleaning out the retcnrts. This quantity of gas has 
been computed to supply 300 argand burners for four hours, 
which is equal to irom 3000 to d&OO mould candles. 

It has been calculated from pretty correct data, that an 
e^ablishment for lighting a town with coal gas with 21 're- 
torts, 2 gasometersj and main pipes, &c. which costs <je20,000, 
will supply dally 60,000 cubic feet of gas, and that the annual 
expenditure will be about .^^OOO, which gives^ includmg inte- 
rest, for the cost of a quantity of gas that yields the same light 
as a pound of tallow, g|d. 
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An apparatus for oil gas whidi will yield the same quantity 
of light' has been con|.puted to cost about J?15,000, with an 
annual expenditure of about ^£8000, which gives 4id. for the 
expense of a quantity of gas^whidi yields the same light as a 
pound of tallow. Hence the following comparison has been 
made: — 

1 lb. of tallow in candles, costs . . . ls» Od. 
The same quantity of light from i^rmaceti oil in 

an argand lamp, - - - « 6^ 

Do. do. from gas from whale oU, - -.04* 

' Do. do. from coal gas, - - - - 2f 

The' preceding comparison is obviously unfavourable to oil 
gas for the purpose of street illumination. We understand, 
however, it has been ascertained that the illumination of a 
town by means of oil gas may be eJBPected as cheaply, if not 
more so, than by means of coal gas. The town of Norwich 
has already been lighted with it, and we understand that Hull 
is also to enjoy the same advantage. 

Various ingenious contrivances called Gaa Meters, have been 
invented for the purpose of ascertaining with accuracy the 
quantity of gas consumed in a given time ; but it would be 
foreign to our object to give any detailed account of these con- 
txiyances. A drawing and description of a very ingenious one 
by Mr. Malam will be found in the Edinbur^ PMhsophicctl 
Journal^ vol. v, p. 129. 



CHAPTER XII. 

ACCOUNT OF THE SAFETY LAMP FOR LIGHTING MIKES. 

7HS great number of explosions whidi took place in coal mines, 
from die fire damp being inflamed by the lamps of the miners, 
directed the attention of the coal proprietors to the discovery 
of some substitute for the ordinary lamp. The light of putri- 
fying fish, and that of phosphorus, had been tried without any 
.iiuccess, and the only resource of the miner seemed to be in 
a, e^el miU, or apparatus which consisted of a steel wheel, made 

* This calculation supposes that one gallon of whale oil will yield 100 cubic feet 
of gas. 
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tb revolve rapidly by a wheel and pinion, in cmitact with ffiitt, 
so as to produce a succession of sparks, which gave stdBcient 
light to the miner. The expense of the machine, however, and 
the necessity of another person called a miller ^ to wt>rk the nuu 
chine, and the circumstance of explosions having sometimeU 
taken place even from the sparks of the steel, rendered it a very 
troublesome and insecure companion. 

The dreadful explosion at the Felling colliery,^ which took 
place on the S5th May 180S, and by which 9^ persons were 
instantly destroyed, directed the attention of different individuals 
to the subject of a safety lamp ; and in 1813 Dr. Clanny pub- 
lished in the Phihscphiad JVansactionSf the account of an in^ 
gemous apparatus, in which the flame of an air-ti^t lamp, with 
a glass front, was sustained by blowing atmospheric air by 
small bellows, through a stratum of water in the bottom of the 
lamp, while the heated dr passed through water by a recurved 
tube at the top. This lamp, though perfectly secure, was too 
complicated for general use, and hais, we believe, never been ia 
use. 

Sir Humphry Davy, having been invited by Dr. Gray of 
Newcastle to consider the best methods of preventing acci* 
dents from explosion, visited some of the principal collieriea 
in 1815. He found that the fire damp was, as Dr. Henry had 
previously shewn, light carburetted hydrogen gas ; that it "was 
produced in small quantities during the ordinary process of 
working, but that its principal sources were what are called 
blowers or fissures in the broken strata near dykes, from which 
it issues in great quantities, and sometimes for a long course 
of years ; and that old workings when re-opened wert generally 
filled with it. 

In continuing his experiments on the fire damp. Sir 'Hum- 
phry found that the mixture which possessed the greatest ex- 
plosive power was that of 7 or 8 parts of air to 1 of gas ; and 
that neither ignited diarcoal, nor iton at the highest degree of 
heat, nor at an ordinary white heat, were capable of inflam- 
ing it. The flame of the expkxnve mixture refused to pass 
through metallic tubes ^ of an inch in diameter, and 1 ^ imrh 
long ; it passed more easily through glass tubes, and was al* 

^ A vary full and interesting account of this and other catastrophes of a fumilar 
kind, will be found ip Mr. Bald's curious article on Coal Mines, in the Edinburgh 
Encycloptedia, vol. ziv, p. 369, 371. 
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« 

wi^s stqpped I>y wire A^v^ or wite gauze* From these oon- 
mderatipQS) Sir Humphry Davy W99 led to the first form of the 
^dfety lamp, wbidi ;^a3 nothing more than a common lamp, 
%itb glass or bom yeipdows, and where the flame was supplied 
With Wi by mews of safety n^etallic caiiaby and where the 
beat^ air escaped through similar canals* These safety canals 
consisted of 3 concentric hollow cylindetrs, whose depth was S 
inchei;, the distance ^^^th of an inch, and the circumference of 
the smallest 2^ inches. Apertures covered with metallic gauze 
were sutedtuted in jdace of^ these safety canals.* 

When the safety lamps thus constructed were introduced 
ipto e^odyegmxtures of fire damp, the flame was immediately 
extinguished. 

In the beginning of 1816, Sir Humphry made a great im- 
provementi on the safety lamp. Instead of securing the safety 
of the miner by the extinction of the lamp, he contrived a 
method by which the light would bum in any explosive mix- 
ture of fire damp^ and the light of which arises from the com- 
bustion of the fire damp itself. This invention, which is shewn 
in Plate VIII, Fig. 18, consists in surrounding the flame of a 
]amp or candle by a wire sieve. The coarsest that he tried 
with perfect safety contained 625 apertures in a square inch, 
and the wire was y^^th of an inch thick ; and the finest 6400 
apertures in a square inch, and the wire 97 oth of an inch thick. 
When such a lamp is introduced into an explosive mixture of 
earburetted hydrogen and air, the cylinder becomes filled with a 
bright flame, and this flame ccmtinues to bum as long as the 
mixture is explosive. When the quantity of air is to that of 
earburetted hydrogen as 12 to 1, the flame of the wick appears 
within that of the fire-damp ; but when the ratio is as"? to 1, 
the flame of the wick disappears. When the thickest gauze is 
used, it becomes red hot, and yet no explosioa takes })lace.^ 

In some subsequent researches on the combustion of gaseous 
mixtures, Sir H. Davy proposes to supply the coal-miner with 
light in mixtures of fire-damp containing too litde air to be ex- 
plosive, by means of a small cage made of platinum wire 7^0 or 
9^0 of an inch thick, as shewn in Fig. 19*^ If the flame should 
be extinguished by the quantity of fire-damp, the glow of the 
metal will be sufficient to guide him ; and by placing the lamp 

* See the FkilMopkicai TriLn§acHoM K»f 1816, p. 1. 
* See PkiL Trmu. IS16, p. 23. « Id, Id. 1817, P- 9h 
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in different parts of the gallery, the relatiTe brightness of the 
wire will shew the state of the atmosphere in these parts. This 
beaudful experiment gave rise to Mr. EUis^Za^ WUhau^ 
FlamCf in which k coil of platinum wire, the lOOdth part of 
an inch thick, heated red hot, and held above a glass con-, 
taining sether or alcohol, will retain its red heat, and even 
reach nearly a white heat, by the inviiuble combustion of the 
alcpholic or etherial vapour. A thin sheet of platinum or pal- 
ladium produce^ the same effect. 

A more particular account of the safety-lamp will be found 
in the volumes of the Phil. Trans, already quoted, or in Sir 
H. Davy's Treatise ** On the Sqfety^Lcmp Jar Coal Miner»^ 
with some ResearcJies on FlameT Lond. 1818. 



CHAPTER XIII. 

ON THE PRIVCIFLES AND CONSTRUCTION OF BALLOONt. 

Th)s name Balloon is given to a hollow sphere of »lk, paper, 
or any other substance which contains a gas lighter than at- 
mospherical air, or which has the atmospherical air which it 
contains rarefied and made lighter by heat. 

A balloon containing such a gas will manifestly rise in the 
atmosphere upon the same principles as cork or wood rises ia 
water, and, abstracting the weight of the balloon, wilt continue 
to ascend till it reaches a height in the atmosphere where the 
density of the gas within the balloon is equal to that of the air 
without. 

The late celebrated Mr. Cavendish having discovered in 
1766 that hydrogen gas was about seven times lighter than 
common air, our eminent countryman. Dr. Joseph Black, con- 
ceived the idea of employing it to raise weights in the atmo- 
sphere. He procured the allantois of a calf, and having filled 
it with hydrogen gas, he found that it ascended to the ceiling 
of his apartment. With the view of surprising some of his 
friendib, he invited them to .supper, and having produced the 
bag of hydrogen, it immediately ascended and remained attach- 
ed to the ceiling of the rooto.^ Dr. Black, however, was too in- 

1 See the Edinburgh EncycUiptsdia^ voL Hi, p. 663, where Dr. Thomson, in hx% 
Ijife of Dr. Black, gives a mor» minute account of this discovery. 
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dolent to pi^osecute his discovery, and no use was made of the 
lightness of hydrogen gas till the year 1782, when the late Mr. 
Cavalloy aftex trying bladders scraped, thills and spheres of 
Chinese paper, succeeded in- elevating soap bubbles by inflating 
them with hydrogen. 

These different attempts, . however, can be considered in no 
other light th^U) ^ rude and partial efforts at invention ; and 
it cannol be doubted that the- real practical merit of the inven- 
tion of ballqons.is owing to Stephen and John Montgolfier, of 
Annonay, in France. In November 1782, they took a silk bag 
in the form of a square box, open below, and containing about 45 
cubic feet, and. burning some paper beiow its mouth, the bag 
swelled and rose to the height of 75 feet. They next formed 
a globe'30 feet in diameter, out of coarse linen lined with paper, 
and having lighted a fire within it, so as to rarefy the air, it 
rose to a considerable height. 

The two brothers were now solicitous to make a public dis- 
play of their invention. They accordingly invited the publio 
to witness the exhibition on the 5th June 1783, when their 
fire-'balloon ascended to the height of nearly a mile. 

The news of the success of this experiment was speedily dif- 
fused over Europe. M.M. Charles and Robert resolved to 
try hydrogen gas, and having constructed a globe, 13 feet in 
diameter, of thin silk, covered with Caoutdiouc varnish, they 
£lled it with -hydrogen gas, obtained from the action of sul- 
phuric acid upon iron filings. It ascended from the Champ de 
Mars on the 27th August 1788, and rose to the height of 8000 
feet 

The first time that man trusted himself to this frail machinery 
was on the 21st November 1788, when M. Pilatre de Rozier 
and Ae Marquis JArlandes ascended in one of Montgolfier^s 
balloons, of an elliptical shape, 45 feet wide and 75 feet high> 
The balloon rose 8000 feet, and after describing a track of 
about six miles above Paris, during the space of about 25 
minutes, they descended in safety. 

It would be foreign to the nature of this popular notice to 
^ve a historical detail of the various aerial voyages which were 
afterwards performed in every part of Europe. We shall 
jiierely add a list of some of the most important. 



Aioatft Aeronaut Tin* aftd Pbm of AiMBt Mat of Brilooa. 

Nobody Junes, 1783»**—Pkm; oonttiiied45cabielt 

NoMy- ^— ..^.A^g. 87> 1788^.. Pnit •••••.•IS ftei. 

3,000...Rozier and M. D'Arlasdea Nor. 21, 1783,...Pnii. 

9,770...M.M. Charles A Bobert, Dee. 1, 1783,....Paris •SS feet diametar. 

M. MontgdiUler • Jan. 19,1784,....Lyoiia...l09 wide, lS4lii^ 

l,900...€]iev. AjidramL ^FekM, 17M>-.*Bfiaa .......70 h^dumatat/ 

» Mfle ...Bbadbaid......,.— '•^••••^Mar. 2, VJSi^^,T$m>^*^»*.40k9^ dimelei!^ 

13,600 1 ^^j^**^^^^ tet Ugh. 

12^62e...Eozier and Ftonst — ...July l1B4^..^*..ytniSan.,..WitsMBbaa, 

M. C«rfma..«..^>,..^«.«„...Ang*C, 17849..«...Sh0d«t*..,.«57 iMldi«ii0lari. 

«,00e { ^"^b^J[,.^!!^'..*^.'J } S^ !•» W4,...Parfi .. M Ibek by K. 

10,463...MorTeauatid Bertrand April S5,17a4,.^I^|oo 29 feet. 

€,080,..Moryeattaiidyirly ^uMl9,t7M,...S)9mi. SamabillMtt. 

N^obody«»,«.M». «•••••••• •••••••Not* 2jl»9l78S»*«*IiiiD4oii*«.«^10 feet* 

Lunardi - Sept 28, 1784,«.-LoDdao. 

S,000...M. Testu Jane 18, 1786, ..Paria.^ 29 feet 

39000.r.Boser and Bomaiii June 15, 1785,...BoaIegne....4a feet 

Blandi«rd A Dr. Jcffinea,* Jan. 7« 1786,....Dof«r9 aomt the C3MunML 

Btaachaid. ^.•••*Ai|g»it 1786i ...Luk ; dogdaaceadod in yam. 

Gameiio & Capt Sowden, June 1802, London^ ^nte. 

^]!S^is?!^."'^ } OeL 7, 1803,-.-Boalfl«pe. 

^I^S^^*^^'*^ "* [ "^^^"^ 30, 1804, ...StPetersburg,..^ ft diam. 

13,000...Gmy Lnanc and Biot Aug. 23, 1804,... Paris. 

23,040...Gay Luasac Sept 8, 1804, Pazi^ 

Zambceailand Andreoli,«A«g. 1804,.......Boidogna. 

Mosment^ April 7» 18Q6,....Lis2«. 

l5,000...Gamerin« .....Aug. 4, 1807,.r..Paris. 

Gamerin? Sept 21, 1807vP«u* ^ 

Various interesting ascents have been made in England^ 
Scotland, and Ireland, by our enterprising countrymen Messrs* 
Sadler, senior and junior; and within the last two years a very 
great improvement in the method of filling balloons has been 
made by Mr. Green, who employs the carburetted hydio« 
gen gas obtained from coal ; so that, by opening a coal gas 
pipe, a balloon of any magnitude may be filled in little more 
than an hour. 

< Obliged to strip diemsefares of their ekMfaes to lighten the baHoon. 

' Saved by » Teasel in the Adriatia 

« Balloon took fire. .Saved by a boat in the Adriatic 

* M. Mosment fell from the balloon and was killed. 

* Excursion during the night 

^ Descended during a violent storm 300 milai froin Paris. 
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Jkfcr^ios^ qfU^OooMn md Hke Method qfjfimg thmn. 
The boUooii in which M; Filatfe da Komr MoeBded on 
the Slst November 1789, is refn-esented in Plate IX, Fig. 4^ 
irhere the aeronauts ase lepreseDted at its lower end. 

The method of filling bdlooiis with hydiogen gas fiom irea 
fibags is shewn in Fig. 5» wbare\FJ^ it tbebaUoM ill a 
flao^ state, 'snapended at F an a horiiontal rap6 EFG^ 
The'Btrings which aranound dbe bAUoon are fixed to the hoop 
AB^ and tor this hoop ia snspended the boat or ear CZ>. The 
andphnrfe acid and iran^'filii^ aie put in the casks round 
MN^ and'ftom the top of each of ^ise casks is a tin tilbe, 
which introduces the gas inlo the two casks of water NN^ 
imiKdiat^bekyw the lower opea-^Ml of a harrel MM» A 
tan tidie T, imert^d in the upper end of eadi tub Jf if, is 
connected with silken tubes, whicK convey the gas to the 
ballcx>n. When the balloon is about three*&urths fuU of gas, 
die silken tubes are removed from the tin ones, the retaining 
ropes are slip{)ed off, and the ballbaa escapes iofto the atmoa* 
phere. 

The ParwAute invented by M. Gamerin for descending 
from the balloon ia represented open, and in die act of de- 
scending, in Fig. 6. The diameter is about 84 feet, and it is 
made either of cloth or canvas. It shuts up like an mahieUa 
when it is not ased, as shewn in Fig« 7. The aeronaut places 
himself in a basket B. The parachute is attached to the bal« 
loon by a rqpe connected with the network around, and by 
cutting this rope the parachute fills and expands. M. Gar* 
nerin descended in a parachute at Paris in 1797, and at 
London in 1802. 

CHAPTER XIV. 

DESCBimOK OF TH£ DIVIKG BSLL. 

The diving bell is a hollow vessel, in which, when inverted^ 
one or .mone peracHis may deaeend with safety to very great 
depths under water. 

The principle of the diving bell may be very simply illus- 
trated by taking a tumbler glass and fixing a pastebos^ rim 
or circular seat within it, and near the middle of its depth. 
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If objects easily injured by water are placed upon this 8eat» 
and the tumbler immersed with its mouth downwards Into a 
tub of wate^, it will be seen that a part of the water enters 
4ihe tumbler and compresses the air within it, but never rises 
so high as to reach the pasteboard rim and the objects placed 
upon it. If a large vessel tbere&re of wood or ircm is used, 
and is loaded so as to sink in water, a person may descend to 
any depth in the sea without the least risk from the entrance of 
water into the bell. The deeper he descends, the moie will 
the air be ccnnpressed and the more water will enter ; but the 
bell can never be fiUed with water, even at the greatest depthsL 
In order to avcdd the great inconvenience of breathing air 
rendered impure by being used, a separate bell filled with 
fresh air sometimes accompanies the principal bell, or when 
the ^epth is not great, a pipe from the sur&ce of the sea 
supplies the bell with fresh air. 

, The earUest notice of the diving bell is that of John Tais« 
nier, who was born at Hainauit in 15099 aiKl who, in the pre* 
senoe of the Emperor Charles V, saw two Greeks descend at 
Toledo in a large inverted kettle with a burning light, and 
ascend again without being wetted. Although the diving bell 
had been frequently used for the purpose of recovering va- 
luable wrecks, yet it was not till the time of Dr. Halley that 
it became a safe and a convenient machine. This ingenious 
philosopher used a bell of wood, containing about 60 cubic 
feet, and of the form of the upper part of a wine glass. Its 
diameter was 3 feet at top and 5 at bottom, and it was loaded 
with lead so as to descend vertically. By means of two bar. 
rels cased with lead^ and made to descend and ascend alter- 
nately from a ship above the bell, Dr. Halley was enabled not 
only to supply fresh air, but even to keejf the water entirely 
out of the cavity of the l)elL^ Dr. Halley likewise contrived 
a- method of supplying a person with air from the bell when 
at a considerable distance from it in search of articles. He 
connected leathern pipes, about 40 feet long, 4J inches in 
diameter, and kept open by a spiral brass wire, with the bell^ 
and with a leaden cap which was placed on the head of the 
diyer. The diver coiled this pipe about his arm. There was 
a cock at the end of the pipe which opened into the cap, so 

^ Sn Phil Trans. 1716, p. 492. 
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that the person could stop the return of the air whenever it 
was necessary to stoop down or descend below the surface of 
air in the bell.' 

In order to convey to the reader some idea of this interest- 
ing machine, we shall give a drawing and description of the 
diving bell, as improved by Mr. Spalding of Edinburgh. 

The bell itself is represented by A BCD, Fig. 8, Plate 
IX. It wa^ made of pipe staves, and was 5 feet long, 5 feet 
wide at bottom, and 2 J at top. It is suspended by four ropes 
€€, fastened to hooks, and meeting the great rope Q. By 
means of the ballast weights C C, and another weight £, 
which may be elevated or depressed by the rope a Jf, the 
mouth of the bell is kept parallel to the surface of the water, 
and the bell may be lightened' by allowing L to reach the 
ground. The divers stand upon a stage of ropes suspended 
by hooks b b. The two air casks, containing 40 gallons each. 
With their tackle, are shewn at TNj and OCP is the flexible 
pipe by which the air is conveyed from them into the bell. 
These pipes have cocks as at P, and their ends are guided by 
the ropes MMj extending from the bell to the ship above. 
The heated air is discharged by a cock at R, In order to 
enable the divers to raise the bell, or stop it at any particular 
depth, Mr. Spalding fixed a second bell S^ of smaller e&men. 
sions, on the large one ABCD. This smaller bell contains 
25 gallons, and has a cock f, which can be opened (the handle 
1 1 reaching to the lower bell) to allow the air in 5' to escape. 
Another cock at v permits the air to pass frqm the great bell 
into the small one. By these means the diver can introduce 
into the small bell either air or water in any proportion, and 
thus either increase or diminish the weight of the whole ma- 
chine. 

Dr. Halley has described the effect of the condensed air 
upon the ears of those who descend in the bell. ^* The only 
inconvenience," says he, " that attends it is found in the ears, 
within which there are cavities opening only outwards, and 
that by pores so small as not to give admission even to the air 
itself, unless they be dilated and distended by a considerable 
force. Hence, on the first descent of the bell, a pressure be- 
gins to be felt on each ear, which by degrees grows painful, 

« Sec PkiL Trant. 1721, p. 177. 



like a« if « quill were forcibly thruft into th« bote of tba «ir, 
till at length tbe foive overconung the obita(cle» that whieb 
oonstringes these pores yields to the pressure, and| letting kotm 
condensed air slip in, present ease ensues. But the beU de- 
scending still lower, the pain is renewed, and again eased after 
the same manner* On the contrary, when the en^ne is drawn 
up again, the condensed eix finds a much easier passage out of 
these cavities, and even without pain."" 

The most interesting account of the influence of the oon« 
densed air upon dififerent persons is given by Dr, CoUadm, 
in a curious narrative of a deiipent in the diving bell at Howtb 
in 18S0. ^^ As soon as the bell was immarsed in wotor, we felt 
about the ears and the forehead a sense of pressure, which com 
tinned increaoi:^ during some miniates. I did not, however^ 
txperieooe any pain in the ears ; but my companion suffered so 
much, that we were obliged to stop our desceirt for a abort time. 
To remedy, that inoonvenienoe, the workmen instructed us, 
after having dosed our nostrils and mouths, to endeavour to 
swallow and to restrain our respiration for some moments, ill 
order that, by thek exertion, the internal air mi^t act upon 
the Eustachian tube. My companion, however, having tried 
it, found himsdf very little relieved by this remedy. After 
some minutes, we resumed our descent My friend sufficed 
considerably ; he was pale, his lips were totally discoloured ; 
his appearance was that of a man on the point of fainting ; he 
was in involuntary low spirits, owing perhaps to the violence 
of th^ pain, added to that kind of apprehension which our si. 
tuadon unavoidably ins[Mred. This appeared to me the mors 
remarkaUe, as my qase was totally the reverse. I was in a 
state of excitement resemblii^g the effect of some sjurituous 
liquor. I suffered no pain ; I experienced only a strong pres- 
sure round my head, as if an iron circle had been bound 
round about it I spoke with tbe workmen, and had some 
difficulty in hearing them. This difficulty of hearing rose to 
such a height, that during three or four minutes I could not 
hear them speak. I could ngt indeed hear myself speaks 
though I spoke as loudly as possible ; nor did even the great 
noise caused by the violence of the current against the mdea 
of the bell reach my ears. I thus saw confirmed by experi-t 
ence what Dr. Wollaston had foreseen by theory in his curious 
and interesting paper on sounds inaudible to certain ears.'' — 
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See the MUhihtirgh PhBosopMcal JomfUd^ Vd. r^ p. 8, for a 
ftiU aeooubt of Dr. Colladoti^d descent. 



CHAPTER XV. 

DlSSCBI^TlON OF SOMS HTDBOftTATIC AKD RYDBAVLIC 

ENGimSS. 

1. Description cfihe WaUr^BUmAng MadUne. 
This machine is so useful for conreying wind to the furnaces 
of iron foi^es, attd the principle by which it operates is so 
curious, as to entitle it to the particular attention of the prac- 
tical mechanic, as well as the speculative philospher. Al- 
tfiough it has been known and generally adopted on the Con- 
tinent for above a centuty,^ y^ it has neither been generally 
int3Y)duced into the forges of this country, nor has it found its 
way into many of our treatises upon machinery. 

Let MNj Fig. 9, Plate IX, be a cistern of water, with the 
bottom A of which is connected the pipe B. The lower extre- 
mity B of the pipe is iniserted into the top of a cask or vessel 
C Dy called the condensing vessel, having the pedestal G fixed 
to its bottom, which is perforated with a tube C IK. When 
the water, wlach comes from the cidtem Jf JV, is falling 
through the comcail part a 6 of the pipe, it is supplied by the 
openings or tubes r, dj With a quantity of air which it carries 
along with it. This mixtiu*e of air and water issuing from the 
aperture i?, and impin^ng upon die surface of the stone pe- 
destal C, is ^veil back and diqiersed in various dissections. 
The air being thus separated from the water ascends into the 
upper part of the vessel, and rushes through the pipe C I Kj 
wfience it is conveyed to the fire at JT, while the water falls to 
the Iowa: part of the vessel, and. runs out by the openings 

In order that the greatest quantity of air may be driven into 
the vessel CD, the water should begin to fall at b with the 
least possible velocity ; and the distance ot the lowest perfor- 
ations o, pf from the extremity of the pipe B should be to the 
length of the vertical tube ^ ^ as 3 to 8, in order that the 

^ It seems to have been first introduced in Italy in 1672. 
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air may move in the pipe / K with fufficient velocity. The 
part of tlie tube between the lowest perforations and B, and 
also the vessel C D, must be completely closed, to prevent the 
escape of the internal air. The water escapes at an aperture 
above F^ a foot in diAmetar, and sometimes sluices m n are 
used to regulate its discharge. 

The wind is Fabri and Dietrich imagined that the wind is oc- 
mpoUed from casioned by the decomposition of the water, or its 
sphere. transformation into gas, in consequence of the agi- 

tation and percussion of its parts. But M. Yenturi,' to whom 
we are indebted for the first {rfiilosophical account of this ma- 
chine, has shewn that this opinion is erroneous, and that the 
wind is supplied from the atmosphere ; for when the lateral 
perforations were shut, no wind was generated. 

H^ice the principal plject in the construction of these ma* 
chines is to combine as much air as possible with the descend- 
ing current. With this view the water is often made to pass 
through a kind af cullender placed in the open air, and per- 
forated with a great number of small triangular holes. Through 
these apertmres the water descends in many small streams, and 
by exposing a greater surface to the atmosphere, it carries 
along with it an immense quantity of air, and is conveyed to 
the pedestal 6 by a tube A B, open and enlarged at a, so as 
to be considerably wider than the end b of the pipe which holds 
the cullender. According to Venturi, the diameter of the 
aperture at C should not exceed one half of the diameter of 
the tube C H. 

It has been generally supposed that the waterfall should be 
very high ;^ but Dr. Lewis has shewn, by a variety of experi- 
tnents, that a fall of 4 or 5 feet is sufficient, and that when 
the height is greater than this, two or more blowing machines 
may be erected, by conducting the water from, which the air 
is extricated into another reservoir, from which it again de- 
scends and generates air as formerly. That the air, which b 
necessarily loaded with nK>isture, may arrive at the furnace in 
as dry a state as possible, the condenang vessel C D should be 
made as high as circumstances will permit ; and in order to 

< ExperimeDUl Epquiry conoening the liatenil Communication of Motioa in 
Fluids. Prop. 8. 

« Wolfiut makes the length of the tube qH five or sis feet Optra MtUkema- 
tictiy torn, i, p. 830. 
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deternfille* the strength of the blast, it diould be furnid^ 
mth a gauge filled with water. 

Frandscus Tertius de Laais observes/ that he has seen a 
greater wind generated by a blowing madiine of this kind, 
than could be produced by bellows 10 or 12 feet long.* 

The rain wind is produced in the same way as Cftiue of the 
the blast a£ sir in water-Uowing machines. When "**" ^^^' 
the drops of rain impinge upon the surface of the sea» the 
air which they drag along with them often produces a heavy 
squall, which is sufficiently strong to carry away the mast 
of a ship. The same phenomenon happens at land, when the 
clouds empty themselves in alternate showers. In this case, 
the wind proceeds from that quarter of the horizon where 
the shower is falling. The common method of accounting for 
the origin of winds by local rarefactions of the air, appears to 
be pregnant with insuperable difficulties ; and there is reason 
to think that these agitations in our atmosph^e ought rather 
to be referred to the principle which we have now been con* 
aidering. 

The VentaroH or natural Idasts which sometimes issue' from 
volcanic mountains, arise from the axr carried down the cre- 
vices by the falls of water. At the foot of the cascades which 
descend from the glaciers of Roche Melon upon the naked 
rock of La Novalese, Ventuii found that the force of the wind 
arising from the air dragged down by the water could scarcely 
be withstood.^ 

2. Descriptiofi of WhOehursfa Maehine^for raising Water. 

Mr. Whitehurst, an ingenious watchmaker of Derby, ap- 
pears to have been the first who entertained the ingenious idea of 
raising water by means of its momentum. A machine upon this 
principle was erected at Oulton in Cheshire, and was described 
in the Transactions of the Royal Society for 1755. It was in- 
tended for the service of a brewhouse and other offices, and was 
found to answer effectually the purpose of its erection. This 

* In Magisterio Naturae et Artis, lib. v, cap. 3. 

^ If we call a (he diameter of the aperture at 6, and d tfae diameter of the tube 
^ j9, then, according to Veoturi, the quantity of air whidi panes into the tube in 
one second will be 6.1 a» y^ a + rf— 1.4 — 0.4 o« \^''oTa. 

* Those who wish for more information upon tfae subject of water-blowing macbinef 
may consult Licwis's Commerce -of Arts ; the Journal des Minea^ No. 9l ; or 
Nicholson's Journal^ vol. i, 4to; toL xii, p. 48. 
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marine is xepresented ia PUle IX, Fig. 9, y^eteJJUin tbe 
spring or original reservoir of water, whose surface at M is cfn 
a kvdi with B, the bottom of the reservoir B N. The main 
pipe JE is about SOO yards long, add 1| inches m diameter ; 
the branch pipe £ F is of the same diameter, and for the ser* 
vice of the kitchen, oflfioes, &c. situated at least 18 or SO feet be- 
low the surface of the reservoir A M; the cock F is about 16 
feet below the surface of llie wader at M. A valvie box, with 
its valve a, is shewn at Z>, and C is an air vessel into which are 
mserted the extremitieB i9i, f> of the mun fnpe, which are bent 
downwards f<n* the purpose of preventing the air from being* 
driven out when the water is forced into it Now, when Uie 
cook F is opened, the wator will rush ont with a velocity tsi 
nearly 9St feet pdir second, corresponding to a presimre of 16 
feet perpendicidar height. A column of water, therefore, SOO 
yards long and 1} indi diameter, is now put in motion, and 
must have a considerable momentum. Hence^ if die oock F 
is suddenly shut, the water will rudi through the valve a into 
the air vessel C, and condense the included air. This oondeiw 
sation will take jdaoe evary time that the eock is opened, so 
that the included air being compressed, will press upon the 
water in the air vessd, and raise it into the' reservoir J9 iV. 
Mr. Whiteburst observes, that the condensation of the Mr was 
strong enough to burst the vessel C in a few months after it 
was first constructed, though it was made of sheet lead of 
about 9 or 10 lbs. to a square foot. Hence he ocmduded that 
the momentum of the water was much superior to the simple 
pressure of the column. This simple and ingenious maclune 
is obviously the same in principle as the hydraulic ram in- 
vented by Montgolfier, and which dilfers from it only in thisi 
that the operation analogous to that of opening the oodt F is 
produced by the motion of the water itedf, as will be seen in 
the fc^owing description of this ingenious contrivance. 

S. DescripUon ofMon^a^ier^s Hydraulic Ram. 

This interesting machine was first constructed by Montgol- 
fier about the year 1797, and has been brought to a very per- 
fect state by a series of improvements which he has succesively 
made upon it. The rams which we have represented in Plate 
IX, Fig. 11, 12, 13, 14, 16, contain the improvement^ whidi 
have been made so late as 1816. The large pipe A B (Fig. 11 
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•aad Fig. 14>), called the body of the ram, passes through the 
side of the reservoir P Q, from which the fall of water is ob- 
tained. It ha» a trumpet mouth at one end Ay and at the 
other end an opening H H^ which can be closed by valves C 
or 2>. When these valves are open, the water will issue at 
H H with a velocity due to the height A P ; but when the 
internal valve C i« closed, as in the figure, the water is pre- 
vented from issuing. When the valve C opens, it descends 
into the position shewn by the dotted lines G G (Fig. 14) being 
guided between three or four stems gj g^ which have hooks at 
the lower ends for ^pporting the valves. In this case the 
water has a free passage between these stems, and the width 
of the passage can be increased or diminished by the screws 
with which the stems are fixed. The valve C is made of metal, 
and has a hollow cup or dish of metal attached to its lower sur- 
face. The seat H H oi the valve is wider than the diameter of 
the pipe A B. It consists of a short cylinder or pipe screwed 
by its flandi h h (Fig. 14) into the opening of the upper sur- 
iace of the head R of the ram ; and the cylinder is so formed 
as to have an inverted cup or annular space % i round the upper 
pirt of it for containing air, which cannot escape when it is 
compressed by the water. A small pipe 1c Z, leading from this 
annular space to the open air, is furnished with small valves 
Js If one of which, k, c^ns inwards to admit the air into i I, 
but to prevent its return, while the other valve I admits a 
certain quantity of air, and then shuts and prevents any far- 
ther entrance. The valve D is exactly the same as C, only 
it descends as iu the figure when it shuts, and rises when it 
opens. 

. The upper part of the head of the ram at E (Fig. 11) is made 
flat, and has several valves which allow the water to pass freely 
from the pipe A B, but^ prevent, its return. On each side of 
the head of die ram, at the part opposite to these valves, 
is a hollow enliurgement, shewn by the dotted lines K, form- 
ing a circular bason, through the centre of which the pipe 
A BR passes. This part of the construction is shewn more 
distinctly in Fig. IS, which is a transverse section through 
LEZ in a plane perpendicular to that of the paper. The 
pipe is here made flat instead of circular, as seen at jB, Fig. IS, 
for forming the seat& of the valves, and the bason iT^ is 
covered with an air vessel F F. This air vessel comrauni- 
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cates all round the pipe J?, with the bason JT JT, and with the 

vertical pipe M. 

The machine being thus constructed, let us suppose the pipe 
AB R (Fig. 11 and 14) full of water, and the valve C to be 
opened, the water will lift the valve Z>, and escape with a velo- 
city due to the height of the reservoir. In a short time, the 
water having acquired an additional velocity, raises the valve 6, 
which shuts the passage, and prevents the escape of the water. 
The consequence of this is, that all the included water exerts 
suddenly a hydrostatical pressure on every part of the pipe, 
compressing at the same time the air in the annular space i i, 
which by its elacity diminishes the violence of the shock. Tlus 
hydrostatical pressure opens the valves at E, and a portion of 
the water flows into the air vessel F, and condenses the air 
which it contains. The valves at E now close, preventing the 
return of the water into the pipe, and the water recoils a little 
in the tube with a slight motion from B to J, in consequence 
of the reaction or elasticity of the compressed air in i i, and 
also of the metal of the pipe, which must have yielded a 
little to the force exerted upon it in every direction. The re- 
coil of the water towards A produces a slight asjnration within 
the head R of the ram, which causes the valve D to descend 
by its own weight, and prevent the water Jf which covers 
it from descending into the tube. The air, however, passes 
through the pipe Z A?, opens the valve A;, and a small quan- 
tity is sucked into the annular space ii ; but the quantity is 
very small, as the valve k closes as soon as the current of air 
becomes rapid. During the recoil towards A, the valve C, 
being unsupported, falls by its own weight ; and when the 
force of recoil is expended by acting on the water in the re- 
servoir P Q, the water begins again to flow along AB R^ and 
the very same operation which we have described is repeated 
without end, a portion of water being driven into the air ves- 
sel F at every ascent of the valve C, The air in this vessel 
being thus highly compressed, will exert a force due to its elas- 
ticity upon the surface of the water in the vessel jP, and will 
force it up through the pipe JW to a height which is sufficient 
to balance the elasticity of the included air. 

The small quantity of air which is drawn into the annular 
space i i through the air tube lie at each aspiration, causes an 
accumulation of air in the space ii ; and when the aspiration 
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of recoil takes place, a small quantity of air passes, from ii, 
and proceeds alcmg the pipe till it ahives beneath the valves at 
JS, and lod^Dg in the small space beneath the valves, it is 
forced into the air vessel at the next stroke, and thus affords 
a constant supjdy of air to the vessel. The valves make in 
general from SO to 70 pulsations in a minute. 

When the fall of water, or P Q, is five feet, and the pipe 
A B six inches in diameter and 14 feet long, a machine with 
lis parts proportioned as in the figure will raise water to the 
hei^t of 100 feet. It will expend about 70 cubic feet per 
minute in working it, and will raise about 2| cubic feet per 
minute to the height of 100 feet. Mr. Millington observes, 
that one of these machines is said to have raised 100 hogs- 
heads of water in 24 hours to the height of 134 feet by a fall 
of 4J feet. 

The form of the ram represented in Fig. 13 is Form of the 
suited to the case where a current of foul water A JB, ^ (°' '***- 

ins clean wa- 

is employed to rsuse clean water from the well W W, ter with foul 
This effect is produced by a bent pipe OP Q^ con- *^- ^^ 
taining a column of air from O to Q, and by another Fig. 13. 
pipe T, with a suction valve t : The mode of action is precisely 
the same as in Fig. 11. When the valve C shuts, the sudden 
hydrostatical pressure forces the water up the bent tube at O, 
compresses the column of air O Q, which again presses, by its 
elasticity, on the . surface of the water at Q, and forces the 
clean water up through the valves into the air vessel F'F, 
The recoil of the water from B to A will produce a rarefaction 
in the column of air Q O^ in ccsisequence of which, the atmo- 
spherical pressure upon the water in the well wiU raise the 
valve ^, till as mubh water is admitted as was driven into the 
air vessel. Montgolfier prc^oses to substitute a straight pipe, 
in place of O Q, and to place a piston, moving freely in the 
pipe, which will transmit the pressure from the foul water to 
tlie clean water, Mrithout allowing them to mix. 

When the ram is employed to produce a current Form of the 
of air, it has the form shewn in Fig. 15. The air machiDe for 

n J ^, , ,, . . ° . produciuga 

IS expeiled through the air-pipe w m, m conse- current of 
quence of the mass of water rushing into the air- "'• 
chamber W, by the shutting of the valve C. The ^^' ^^' 
water in Wis prevented from following the air by a hollow 
ball of copper w, which floats on the water, and shuts up the 
lower end of the pipe, when the water dashes into W. When 
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things are in the state shown in the figure, and all the air ex-- 
pelled from the chamber W, the air compressed in the an- 
nular space pp (which serves the same purpose as i i in Fig. 11), 
produces a recoil of the water. The valve D shuts, C opens, 
the water quits the chamber FT, and .the valve w shuts, and 
prevents the admission of air. At the same time the valve r 
opens, and admits a fresh' supply of air into the chamber ; but 
when the water has descended below the float ^, this float de- 
scends, and by its rod e d shuts the air-valve d. When the 
force of recoil is spent, the water flows again from J to By 
and the operation which we have described is again repeated, 
so that there is a constant current of air in the pipe wm, 
which may be equalized by a water regulator, or any other 
contrivance. See the Repertory of Arts^ December 1816, and 
the Journal of the Royal Institution^ vol. i, p. 216, Lond. 
1816. 

4. Description of BramaJCs Hydrostatic Press. 

The hydrostatic presses founded on the hydrostatic paradox, 
which has been already very clearly illustrated in the pre- 
ceding volume. The celebrated Pascal mentions this appli- 
cation of the principle as a new sort of machine for multiplying- 
forces,^ and he regards it as a mechanical power equal in value 
to the lever or the screw. 

Although Pascal has the undoubted honour of having first 
suggested a hydrostatic press, yet no attempt appears to have 
been made for more than a century and a half to put the sug- 
gestion in practice. Mr. Bramah had the great merit of ac- 
tually constructing the machine, and of applying it practically 
to a great variety of useful purposes, such as that of working" 
cranes, pulling up the roots of trees, packing cotton and all 
sorts of goods. 

The Hydrostatic Press is represented in Plate IX, Fig. 16, 
where A B '\^ a, metallic cylinder of great strength, and bored 
truly cylindrical. A solid piston P is fitted into the top of it 
by leather packing, so as to be perfectly water tight. A small 
pipe gg is inserted into the bottom B of the cylinder, and com- 
municates with a small forcing pump at C. This pump stands 



7 NouveUe aorte de Machine pour muUiplier lea Forces* See hifl T^aitez de 
l^Fquilibre des Liqueura et de la Peaanteur de la Masae de VAir, Chap. iL Paris, 
lG(i4. 
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in an iron cistern H /T, from the side of which rises the bent 
arm K Kfar supporting the centre of the handle G, and keeping 
the piston rod L of the pump in a vertical direction. The weight 
of the handle G is counterpoised by a weight W. If the 
forcing pump C and pipe gg^ and cylinder A JB, are filled with 
water, and if one or two men at the handle G press down the 
piston of the forcing pump, the pressure exerted on the sur- 
face of the water will be propagated through the pipe gg and 
cylinder AB to the lower end of the piston P, and the pres- 
sure actually exerted on the piston P will be to that exerted 
on the surface of the water in the forcing pump, as the area 
of the piston P is to the area of the piston of the forcing 
pump. Henccj if the diameter of P is 6 inches, and that of 
the piston in the forcing pump ^%ths of an inch, their ratio 
will be as BO to 1, and the square of their diameters or their 
areas as 900 to 1. If a force of 1 ton, therefore, is exerted 
in the forcing pump, the piston P will be pressed upwards by 
a force of 900 tons. 

The enormous power which is thus exerted may be applied 
in a great variety of ways to produce mechanical effects. It 
may be conveyed to any distance merely by means of pipes 
filled with water, and in this way it forms a machine in which 
there is more simplicity of construction, and less friction, than 
in any mechanical combination. A full account of the appli- 
cation of this press to a crane and other purposes will be found 
in the Edinburgh Encydopoediaj Art. Crane, vol. vii, p. 315. 



CHAPTER XVI. 

ON THE PEINCIPLES AND CONSTKUCTION OF OPTICAL 

INSTRUMENTS. 

As Mr Ferguson's lecture on optics contains very little prac- 
tical information on this interesting subject, and as many dis- 
coveries and improvements have been made since his time, I 
shall endeavour to supply this defect in as popular a manner 
as the subject will admit. In doing this the following arrange- 
ment will be observed, — 
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1. On the Single Microscope. 

2. On the Compound Microscope. 

3. On the Refracting Telescope. 

4. On the Gregorian and Cassegraiiuan Telescope* 

5. On the Newtonian Telescope. 

6. On a new Reflecting Telescope. 

7. On Achromatic Object-Glasses. 

8. On Achromatic Eye-Pieces, &c. 

9. On the Camera Obscura. 

10. On the Phantasmagoria. 

11. On the Dichroscope. 
IS. On the Kaleidoscope. 

1. On the Singie Microscope. 

In the first volume we have described several methods of 
forming small glass globules for the magnifiers of single mi^ 
croscopes,^ and have also explained the manner in which the 
enlarged picture is formed upon the retina. When the lenses 
are made, either by fusion, or which is by far the most ac- 
curate way, by grinding tliem on spherical tools, they are 
then to be fitted up for the purpose of examining minute 
objects. The method which Mr. Wilson has adopted in bis 
pocket microscope is very ingenious, though rather devoid of 
simplicity, as it obliges us to screw and unscrew the magnifiers, 
when we wish to view the object with a larger or a smaller power. 
The simplest and the most convenient method of mounting 
single microscopes is to fix the lenses in a flat circular piece of 
brass, which can be moved round a centre, by the action of an 
endless screw, upon the toothed circumference of the circular 
plate. After the object has been viewed by some of the mag- 
nifiers, it may be examined successively with all the rest, by a 
few turns merely of the endless screw. 

Its magnify- In the first volume, Mr Ferguson has already 
ing power, shewu how to find the magnifying power of single 
microscopes ; but in order to save the trouble of calculation, we 
have computed the following table (See p. 296) of the magni- 
fying power of convex lenses, from 1 inch to ^J^ of an inch in 
focal length, upon the supposition that the nearest distance at 
which we see distinctly is seven inches. The first column con* 
tains the focal length of the convex lens in lOOths of an inch, 

1 See Vol. I, p. 167, note 8. 
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The second contains the number of times which such a lens 
will magnify the diameters of objects. The third contfdns the 
number of times that the surface is magnified ; and the fourth 
the number of times that the cube of the object is magnified. 
A table of a similar kind, though upon a much smaller scale, has 
already been published by Mr. Baker ; but he supposes the near- 
est distance at which the eye can see distinctly to be dght inches, 
which is too large an estimate for the generality of eyes. 

When we consider, however, that the eye examines very 
minute objects at a less distance than it does objects of greater 
magnitude, we shall find that the magnifying power of lenses 
ought to be deduced from the distance at which the eye exa- 
mines objects reaUy microscopic. This circumstance has been 
overlooked by writers on optics, and merits our attentive con- 
sideration. If we take two specimens of engraving, the one so 
large that it can easily be read at the distance of 10 inches ; 
and the other so exceedingly minute that it cannot be read at 
a distance exceeding 5 inches ; then it is obvious, that if these 
two kinds of engraving are seen through the same microscope, 
the one will be twice as much magnified as the other. For as 
the magnifying power of a lens is equal to the distance at which 
the object is examined by the naked eye, divided by the focal 

distance of the lens, we shall have — for the number of times 

X 

that the minute engraving is magnified, and — for the num. 

ber of times that the large engraving is magnified, x being 
the focal length of the lens. It follows, therefore, that the 
number of times that any lens magnifies objects really micro- 
scopic should be determined by making the distance at which 
they are examined by the naked eye 5 inches. 

Upon this principle I have computed the second Table, 
which contains the magnifying power of convex lenses, when 
employed to examine microscopic objects. 

As microscopic objects are never mathematical lines, and as 
their solidity or their magnitude in three dimensions is not visible 
by the microscope, the third column in the first table, and the 
second column in the second table, will give the real magnifying 
power of the microscope, although, from an erroneoqs analogy 
with the telescope, the second column in the first table, and the 
first column in the second, have been generally used. 
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Tables of the Magnifying Power of Small Convex Lenses 

or Single Microscopes,^ 
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2. On the Compound Microscope. 
The double microscope is composed of two convex lenses 
placed at any distance not less than the sum of ,their focal 
lengths ; and a lens with a large aperture and focal distance 
is generally fixed a little beyond the anterior focus of the 
eye-glass, for the purpose of enlarging the field of view. As 
the focal length of the lenses, as well as their distances, are 
altogether arbitrary, different opinions have been entertained 



2 For drawings and descriptions of a great variety of single microscopes, see the 
Edinburgh Encyclopccdia, Art. Microscope^ vol. xiv, p. 216. 
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respecting the most suitaUe values of these quantities. It 
has been found, however, from experience, that a good com^ 
pound microscope may be formed by making the objecU 
glass ^j^ of an inch in focal length, and the eye-glass 1 inch, 
their distance being about 8 inches. The amplifying lens or 
second eye-glass should generally be If inches in diameter, 
with 21 inches of focal length, and placed at 1| inches be- 
fore the eye-glass ; and the aperture of the object-glass should 
not exceed 09ie4enth of an inch. If, however, we increase the 
magnifying power of the microscope by augmenting the dis- 
tance between the glass next the object and that next the eye, 
we must likewise enlarge the aperture of the object-glass ; but 
if we increase the magnifying power by augmenting the cur- 
vature, or diminishing the focal length of the object-glass, the 
aperture must be proportionally diminished. The distance of 
the eye from the eye-glass should be equal to the focal distance 
of the latter ; and the hole through which the rays are finally 
transmitted should not exceed one^eventh of an inch. 

The method of finding the magnifying power of its magnify- 
compound microscopes when only two lenses are em- ^S power, 
ployed, has been shewn in the first volume. But as an ampli- 
fying lens, or second eye-glass, is always used, we shall shew 
how to determine the magnifying power of these instruments 
when three lenses are employed. Divide the diffe- Rule for 
rence between the distance of the two first lenses, or finding it. 
those next the object, and the focal distance of the second or 
amplifying glass, by the focal distance of the second glass, and 
the quotient will be a first number. Square the distance 
between the two first lenses, and divide it by the diflFerence 
between that distance and the focal distance of the second 
glass : From this quotient subtract the excess of the dis- 
tance between the first and third glasses above the focal 
length of the third glass, and divide by the focal distance 
of the third glass, or that next the eye, and a second 
number will be had. Multiply together the first and second 
numbers, and the magnifying power of the object-glass, and 
the product will be the magnifying power of the compound 
microscope. 

An account of a new Compound Microscope for examining 
objects of natural history will be found in my Treatise on New 
Pkilosophicdl Instruments^ p. 401-4ilO. 
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In another work I have had occasion to give an account 
of various improvements which I have suggested on the single 
and the compound microscope. 

1. The first of these consists in constructing microscopes on 
a large scale, from ten to thirty or Jbrtgf feet m length. 

The advantages of large microscopes are very numerous* 
The errors arising from the mternal and superficial imperfec- 
tions of the glass are diminished. A more correct spherical 
figure, and better centering or adjustment of the axes of the 
opposite surfaces can be obtained. The coincidence of the 
axes of the difierent lenses is more easily efiected. The object 
may be illuminated in a much higher degree in consequence of 
its great distance from the object lens. Objects placed in deep 
cavities may be examined with the utmost fadlity ; and micro- 
scopic objects of a perceptible thickness, such as a fly, may 
be well seen at once, the instrument being adjusted simulta- 
neously to its remotest and its nearest parts. See the JSdin- 
burgh Philosophical Journal, vol. vi, p. 104, and the JEJdin* 
burgh Encychpcedia, Art. Optics, vol. xv, p. 632. 

^. The second of these improvements connsts in using lenses 
of coloured glass for diminishing the error of refrangibility. 
Red and green lenses were found to give very distinct vision, 
and are infinitely superior to colourless lenses, particularly when 
the outlines of opaque objects are to be observed. 

3. The third improvement consists in illuminating micro- 
scopic objects with a homogeneous flame of yellow light, ob- 
tained from the combustion of diluted alcohol. This appa- 
ratus, which I have called a Monochromatic Lamp, is described 
at great length in the Edinburgh Philosophical Transactions^ 
vol. ix. See also the Edinburgh Encychpcediay vol. xv, p. 683. 

3. On the Refracting Telescope. 

Having already described the nature and operation of re- 
fracting telescopes, we have now only to lay before the reader 
a new table of the apertures and magnifying powers of these 
instruments. It is a remarkable circumstance, that the only 
table of this kind which has appeared was copied by succeed- 
ing writers from Dr. Smith's Optics, as the production of the 
celebrated Huygens, while it was calculated only by the editors 
of his Dioptrics. An excellent telescope of Huygens, indeed, 
was the standard upon which the table was constructed ; but 
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this philosopher informs us, in his Astroscopia Compendiariaj 
that he had a refracting telescope with an object-glass 34 feet 
in focal length, which, in astronomical observations, bore an 
eye-glass of 2| inches focal distance, and therefore magnified 
163 times, which is considerably greater, in proportion, than 
the magnifying power of the standard telescope upon which 
the old table was founded. Since the lenses of these instru- 
ments, therefore, may now be wrought with' the same accuracy 
as in the time of Huygens, we have computed the following 
table according to this new standard, the apertiu*es, magnifying 
powers, and the focal l^igth of the eye-glass, being severally as 
the square roots of their focal lengths. As the dimensions of 
the standard telescope of Huygens were taken in Rhinland 
measure, the following table is suited to the same measure ; 
but the numbers may be converted into English measure by 
considering that the Rhinland foot is equal to 1.03 Englisli 
nearly. 

In order to render the common refracting telescope as per- 
fect as possible, without making it achromatic, the exterior sur- 
face of the object-glass should be ground to a radius equal 
to Jive-ninths of its focal length, and the radius of the inte- 
rior surface, or that next the eye, should be Jive times its 
focal length. In eye-glasses, the radius of the surface next 
the object should be nine times its focal distance, and that of 
the surface next the eye threejifths of the same distance. By 
this means, the aberration arising from the spherical figure of 
the lenses will be nothing for objects placed in the direction 
of their axis, and the least possible for objects removed from 
the axis. According to Huygens, the spherical aberration 
was the least possible when the radii of the surfaces were as 
6 to 1 : But though this be true for objects placed in the 
axis of the lenses, yet a considerable aberration remains when 
the objects are placed on one side of the axis. 
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Table of the Apertures, Focal Lengths, and Magnifying 
Power of Refracting Telescopes. 
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4. On the Gregcynam and Cassegrainian Telescope. 

To the observations already made upon this instrument, 
we have only to add a few practical remarks. In order to 
remove the tremors from reflecting telescopes, the springs 
and screws should be taken away from the back of the spe- 
culum, and three small screws employed, which pass through 
the tube perpendicular to its axis, and touch the back of the 
mirror merely with their sides. As the speculum is apt to 
bend when it is supported wholly upon its lower extremity, 
it should be made to rest upon two points 45 degrees dis- 
tant from its lowest part, and on each side of it ; and if tlie 
metal is wedged in at these points with bits of card, it will be 
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prevented from falling backward or resting upon its lowest 
point. This improvement was suggested and used by the 
Kev. Mr. Edwards ; but the bending may be still farther pre- 
vented by hanging, as it were, the speculum upon a circular 
piece of metal at the end of the tube. Some reflecting tele- 
scopes may be miich improved, as Dr. Maskelyne has shewn, 
by inclining the great speculum about 2^ d^ees^ to the axis 
of the tube, so that the pencils of rays may fall obliquely on 
its surface.* 

The diameter of the small eye-hole may be found by di- 
viding the aperture of the telescope in inches by its magni- 
fying power, but it is generally about j\ of an inch. 

The following Table, founded upon the computations of Dr, 
Smith, contains all the dimensions of Gregorian telescopes, and 
is more comprehensive and accurate than that which Mr. Ed- 
wards published. 

Table of the Dimensions^ Focal Lengths^ and Apertures of 
Gregorian Telescopes, as constructed by Mr. Sliort, accord^ 
ing to the computations of Dr, Smith. See Plate VI 11^ 
Vol /, Fig. 14. 
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From the following Table of the Dimensions of Cassegrainian 
Telescopes, founded on Dr. Smith's calculations, it appears 
that though they are shorter by twice the focal distance of the 



3 Tliis degree of inclination greatly improved the 6 feet Newtonian reflector in 
the Observatory of Greenwich ; but different specula will require different degrees of 
obliquity, and some may rather be injured by such an inclination. 

^ These observations are also applicable to the metals of Cass^rainian and New- 
tonian telescopes. 
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small speculum than those of the Gregorian form with the 
same focal length, yet they have a greater magnifyii^ power! 
A Cassegraiman telescope 16| inches in focal length will mag. 
nify, according to the taUe, 93 times ; while a Gregorian one, 
wiih a similar speculum, magnifies only 86 times. This great 
difference between the performance of these instruments does 
not exist merely in theory ; for Mr. Short constructed a tele^ 
scope of the Casscgrainian fiorm, of S4 inches focus, which, 
with an aperture of 6 inches, magnified 355 times. With 
this power, indeed, it was rather indistinct ; but it bore a 
power of 231 times with sufiicient distinctness. In the Obser- 
vatory at Greenwich there is a Gregorian telescope of Shores 
construction, whidi magnifies 250 times when the smallest 
mirror is employed, which is connderably lesB than the power 
of the Cassegrainian one of the same size. This superiority 
of the telescope of Cassegrain has been recendy established by 
the experiments of Captain Kater, who found that the light of 
a Cassegrainian telescope was to that of a Jfewtonian one as 
seven to three. Conceiving that this superiority arose from the 
rays not having crossed one another at the focus, he made a 
series of experiments, for the purpose of determinii^ the dif- 
ference in the intensity of the light at the same distances 
within and without the focus of a concave speculum, and he 
found the intensity within the focus to be 1000, when that 
without the focus was only about 450. Another set of expe- 
riments made the difference much less ; but the intensity of 
the light within the focus was always considerably greater. 

Table of the Dimensions, Focal Lenffths^ and Apertures of 
Cassegrainian Telescopes, See Plate VIII, Vol, /, Fig. 14, 
in which the Small Convex Speculum is supposed to be placed 
atGH. 
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5. On the Newtonicm Telescope, 

As the Newtonian telescope was powerfully recommended 
to the world by the simplicity of its construction, as well as 
by the name of its illustrious inventor, it is a matter of sur« 
prise that its merits should have been so long overlooked. 
During the last century, Gregorian telescopes seem to have 
been universally preferred to those of the Newtonian form, till 
the late celebrated Sir William Herschel introduced the latter 
into notice, by the splendour and extent of the discoveries 
which they enabled him to make. This philosopher, equally 
disdnguished by his virtues and his talents, constructed New- 
tonian telescopes from 7 to 40 feet* in focal length, by which 
he has greatly enlarged our knowledge of the solar system, 
and disclosed many new and important facts respecting the 
structure of the heavens. 

In the Newtonian telescope, the large parabolic pi^te VIII. 
speculum is not perforated with a hole U V. A ^*8' 7- 
small elliptical plane mirror, inclined 45 degrees to the axis 
of the tube, is placed at Cr JET, about as much nearer the spe- 
culum than its focus, as the centre of the smkll mirror is dis- 
tant from the tube; tibat is, the distance Gm of the small 
speculum from the focus of the great one should be nearly 
equal to P T, half the diameter of the tube. The rays which 
form the image IK oi the object A B^ instead of proceeding 
to form it at m, are intercepted by the plane speculum at G Hy 
and refracted upwards through an aperture in the side of the 
tube T 7T, where the image is formed and magnified by a 
double convex lens of a short focal distance. 

As the small plane mirror has an oblique position Form of the 
to the eye, it must be of an elliptical form. In P^°® mirror. 
order to find its conjugate or shortest diameter, say as the 
focal length of the great speculum is to its aperture, so is the 
distance of the small speculum from the focus of the great one 
to the conjugate diameter of the small mirror; that is, the 

conjugate diameter of the small mirror is = ^ . Its 



^ A description and drawing of this noble instrument may be seen in the PhiL 
Trans, 1795, part 2 ; or in the Edinburgh Encyclopedia^ vol. xv, p. 642. The 
diameter of the speculum is 4 feet, its thickness about 3^ inches, and its greatest 
magnifjdng power above Six Thousand Times, 
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transverse or longest diameter will be = „ x 1.4142 ; 

'^ Jr m 

that is, equal to the conjugate diameter multiplied by 1.414^ ; 
or, which is the same thing, its transverse will be to its con- 
jugate diameter as 7 to 5, which is nearly the ratio of the 
diagonal of a square to one of its sides. — If a rectangular 
prism be substituted in place of the small mirror, having its 
sides perpendicular to the incident and emergent rays, the 
image will be erect, and a less quantity of light will be lost, 
than when the reflection is made from a mirror of the common 
kind. 

jy^ n j^ In most of Dr. HerschePs telescopes, the plane 

achd'Rim- mirror is thrown away, and the focal image I K is 
provements. ^jg^^ directly with a small eye-glass, placed at 
T E^ the lower side of the tube. When the aperture of the 
speculum is very large, the loss of light occasioned by the 
interposition of part of the observer's head is trivial ; but when 
the aperture is small, the speculum must be inclined a little to 
the incident rays. I have frequently takea a Newtonian spe- 
culum, S^ji inches in diameter, and 30 inches in focal length, 
out of its tube, and viewed the moon in this manner with 
great satisfaction. The superior performance of Newtonian 
telescopes, without the plane mirror, can be conceived only by 
those who have made the experiment. 

As it is more difficult to find any of the heavenly 

A new finder . 

forNewto- bodies with a Newtonian than with a Gregorian tele- 
man tele- scope, it has been customary to fix a small astrono- 

scopes. . 

mical telescope on tlie tube of the former, so that 
the axes of the two instruments may be parallel. The aper- 
ture of its object-glass is large, and cross hairs are fixed in 
the focus of the eye-glass. The object is then found by this 
small telescope, which is called the Finder ; and if the axis of 
the instruments are rightly adjusted, it will be seen also in 
the field of the large telescope. When the Newtonian tele- 
scope, however, is large, and placed upon its lower end to 
view bodies in great altitudes, the finder can be of no use, 
from the difiiculty of getting the eye to the eye-piece. On 
this account I would propose to bend the tube of the finder 
to a right angle, and place a plane mirror at the angular 
point, so as to throw the image to one side, or rather above 
the upper part of the tube, that the eye-piece of the finder 
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may be as near as possible to the eye-piece of the telescope. 
If the latter of these plans be adopted, the angular point, 
where the plane mirror is fixed, should be placed as near as 
possible to the focal image, in order that only a small part of 
the finder may stand ajbove the tube ; for in this way the eye 
can be transferred with the greatest facility from the one eye- 
piece to the other. The advantages of this construction will 
j. be understood from Plate X, Fig. 1, where T T is part of a 

j Newtonian telescope, D the eye-piece, and ABC the finder. 

The image formed by the object-glass A is reflected upwards 
( by the plane mirror 5, placed at an angle of '4& degrees 

[ with the axis of the tube, and the image is viewed by the 
eye-glass at C. . Thoge who have been in the habit of using 
the Newtonian telescope with the comyoion finder, will be sen- 
sible of the convenience resulting from this contrivance. , 
, The only table, containing the apertures, mag- Reasons for 

[ nifying power, &c. of Newtonian telescopes, which a>mputuig a 
has hitherto been published, was calculated by Dr. Newtonian 
Smith,® from the middle aperture and power of «*!"<»?«. 
Hadley^s excellent Newtonian telescope, as a standard, the 
focal length of the grdat speculum being 5 feet 2| inches, its 
aperture 5 inches, and power 208. A speculum, however, 
3 feet and 3 inches in focal length, was wrought by Mr. 
Sauksbee to so great perfection as to magnify 226 times.'^ 
It shewed the minute parts of the new moon very distinctly, 
as well as the belts of Jupiter, and the black list or division 
of Saturn's ring. For these objects, it bore an aperture of 
3^ or 4 inches ; but in cloudy weather it shewed land objects 
most distinct when the whole surface of the metal was ex- 
posed, which was 4| inches in diameter. Since the method 
of grinding specula, and giving them a true parabolic figure, 
is much better understood at present than it was in the time of 
Mr. Hauksbee, Newtonian telescopes may be made as perfect 
as this instrument of his construction. Upon it, as a standard, 
therefore, we have copiputed the following new Table, on the 
supposition that reflecting telescopes of difierent lengths shew 
objects equally bright and distinct, when their linear apertures, 
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« Optics, vol. i, p. 148. Dr. Smith's table was continued from 17 to 24 feet, 
by 31r. Edwards. ' 

7 Smith's Optics, vol. ii. Remarks, p. 79j coL 2. 
VOL. II. - X 
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and their linear amplifications or magnifying powers, are as 
the square tquare roots, or bi^uadraiic roots, of the cubes of 
their focal lengths ; and consequently, when the focal dig- 
tances of their eye-glasses are as the square square roots of 
their lei^^s. 

EipUowioii The first column contains the focal length of the 
oftbcuble. great speculum in feet, and the second its linear 
aperture in inches and lOOths of aa inch. The third and 
fourth columns contain Sir Isaac Newton's numbers, by means 
of which the apertures of any kind of reflecting telescope may 
be readily computed.^ The fifth column exhibits the focal 
length of the eye-glasses in lOOOths of an inch, and iJie axth 
contains the magnifying power of the instrument. 



Tjblb of the Apertures and Magnifying Power of Newlonim 
Telescopes. 
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The tdescope which Sir William Herschei generally used, 
and with which he made many of his best discoveries, was a 
Newtonian reflector, with a speculum 7 feet in focal length, 
having an aperture of 6^ inches, and powers of 227 and 460, 
though he sometimes employed a power of 6450 for the fixed 
stars. Sir William Herschei informed me, that he obtained 
these high powers merely by using small double convex lenses 
for eye>glasses, a:nd that he had some in his possession less 
than (me^^ieih of an inch in focal length. 

In one of Sir William Herschel's 7 feet telescopes in the 
possession of Mr. Sligo, an ingenious gentleman in Edinburgh, 
an achromatic eye-piece was employed for the smallest magni- 
fying power. The large speculum is well finished, and the 
the image which it forms remarkably distinct. The contri- 
vances by which the vertical and horizontal movements are 
effected, are particularly simple and ingenious, and do great 
credit to their inventor. 

6. Descripticfn of a New Reflecting Telescope. 

We believe it will be admitted by every person who has had 
much experience in the use of reflecting telescopes, that the 
Newtonian form is decidedly the best. Its construction is so 
simple, and it is so little liable to derangement from accidental 
causes, that, for popular use, on a small scale, it is superior to 
the 6regc»ian one, while, for instruments of great size, it is the 
only form that is practicable. But even when we consider it in 
a scientific point of view, it has the advaintage of the Grego- 
rian form. It is more easy to give a perfect figure to an uni- 
form circular piece of metal than to a perforated'disc ; — the 
spherical aberration is less, in so far as it is not increased by a 
second spherical mirror ; — and the quantity <rf light reflected 
from the oblique small speculum is decidedly greater than 
when it is reflected at a vertical incidence. 

If we could dispense with the use of the small specula in 
telescopes of moderate length, by indining the great specu- 
lum, and using an oblique, and consequently a (Ustorted re- 
flexion, as proposed first by Le Maire, we should consider the 
Newtonian telescope as perfect ; and on a large scale, or when 
the instrunient exceeds twenty feet, it has undoubtedly this 
character, as nothing can be more simple than to magnify by 
a single eye-glass the image formed by a single speculum. 
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As the Jront view is quite impracticable, and indeed has 
never been attempted in instruments of a small size, it becomes 
of great consequence, in a practical point of view, to remove 
as much as possible the evils which arise from the use of a 
small speculum. These evils may be thus enumerated. 

1. If we suppose the light reflected by the large speculum, 
or the light incident upon the small one, to amount to 10,000 
rays, then the light reflected by a well polished plane specu- 
lum will not exceed two thirds of this, or 6666 rays at a ver- 
tical incidence, and probably not above 6800 at an incidence 
of 45° ;^ consequently 3200 rays out of 10,000 are lost by the 
use of the plane speculum. 

2. Besides this great loss of light, we have to encounter all 
the errors of a second reflexion, arising from imperfections of 
surface, and also from imperfections of figure, as it is univer- 
sally admitted that a surface of glass is much superior to a 
metallic surface ; and Newton has himself remarked, ** that 
every irregularity in a reflecting superficies makes the rays 
stray Jive or six times more out of their due course than the 
like irregularities in a refracting one.'*' ^ 

The construction by which I propose to remedy these dis- 
advantages, is shewn in Plate X, Fig. % where AB is the 
speculum reflecting the parallel rays R Ay R B, to a, focus at 
F. The cone of rays A F B is intercepted by an Achromatk 
Prism G Hy which refracts them to foci atj^ where a distinct 
image is formed in the anterior focus of the eye-glass Fy by 
which it is magnified. The double prism GH being com- 
posed of a prism of crown-glass G, and a prism of flint-glass 
H9 united by a cement of a mean refractive power, the loss 
of light sustained by the pencil in its transmission through the 
two, will not exceed 600 rays out of the 10,000j as the light 
transmitted through a lens of glass is, according to Sir Wil- 
liam HerschePs experiments, 94850 out of the 10,000 incident 
rays. Hence the light lost by transmission through the prism 
is not one fifth part of the light lost by reflexion, and the errors 
of reflexion arising from defects of surface and of figure are 

^ The law of variation is yet undetermined. 

^ The deviation of a ray arismg from the imperfecdons of a reflecting surface is to 
the deviation arising from the imperfections of a refracting surface as four to oMy 
when the refraction is made from glass into air, and as six to on^ when the refraction 
is made from air to glass. 
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also incomparably less. As the refracting angle of the prism 
G will require to be larger, in order to produce a given devia- 
tion F Hfy when it is opposed by the reifraction of the flint- 
glass prism -ff, we may place the correcting prism H nearer 
the focus y*, as shewn in Fig. 3, and make it of crown-glass ; 
or it might even be placed at A, beyond the focus, and in con- 
tact with the lens E. If this should be found advantageous, 
the prism and the lens might be formed out of one piece of 
glass, or a single hemisphere of glass might be used^ the eye- 
hole being placed at such a point of the hemispherical surface, 
as to obtain a variable prism of the required angle united with 
a plano-convex lens. 

In viewing eclipses of the sun, or the lunar disc, or any 
other celestial phenomenon, where there is either too much 
light, or more than is necessary, a telescope may be fitted up to 
permit more than one person to see through it at the same 
time, by allowing a portion of the cone of rays to be refracted 
through another prism to an eye-glass at the opposite side of 
the tube, or even by having four prisms refracting a fourth 
part of the cone to each of the four sides of the tube. The 
same eficct might be produced in the common Newtonian tele- 
scope, by using a pyramidal small speculum, with the planes 
meeting at a vertex placed in the centre of the cone of rays, 
and inclined to one another at angles of 90% and to the axis 
of the telescope at angles of 45°. Another person at A might 
also be made to see ^the eclipse by means of a parallel plate of 
glass at m n, inclined so as to reflect a portion of the cone of 
rays to A. In this way five persons might see through the 
telescope at the same instant. This principle, indeed, might be 
extended indefinitely by placing in the cone of rays any num- 
ber of plates of parallel glass, so as to reflect to all sides of the 
tube a great number of images, a portion of the rays transmit- 
ted through the Jlrst glass being reflected from the second, and 
so on to any extent. 

7. On Achromatic Object-Glasses. 
Notwithstanding the claims of foreigners to the invention of 
the achromatic telescope, we have the most unquestionable 
evidence that this instrument was invented in 1729, and con- 
structed about the year 1738, by our countryman Chester 
More Hall, and afterwards in 1758 by Mr. Dollond, who 
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seems to have been unacquainted with the labours of Mr. Hdl? 
As telescopes of this description are not affected with the pris^ 
matic colours, the late Dr. Bevis proposed to distinguish ihesa 
by the name of AchromatiCf an appellation which they have 
hitherto retfuned, though some have erroneously stated that it 
was first ^ven them by the astronomer Lalande. 

During the 17th century, when every branch of sdence was 
cultivated with unwearied assiduity, the attention of philoso- 
phers was particularly directed to the improvement of the re- 
fractmg telescope. But as the different refrangibility of the 
rays of light was then unknown, men of science employed 
themselves chiefly in trying to remove the spherical aberration^ 
or the error which arises from the spherical figure of the obgect- 
Impcrfec- glass. FoT this puTpose tbcy ground their object- 
tiona of te- lenses of a parab(dic or hyperbolic figure, or of a sphe- 
^^'^'P**' rical form, with the radius of the surface next the 
object six times greater tlian that of the surface next the eye, 
in which case Huygens had shewn that the aberration is less 
than when the radii of curvature have any other proportion. 
After all these trials, however, the refracting telescope still re- 
tained its former imperfections, and the opticians of those 
days, completely despairing of bringing it to perfection, turned 
the whole of their attention to the construction of the reflect^ 
%ng telescope. 

It was reserved iix Sir Isaac Newton to discover the cause 
of these imperfections, and for Mr. Hall and Mr. Dollond to 
point out their cure. From Newton's Theory of Colours^ it 
plainly appeared that the imperfections of the dioptric telescope 
arose from the different refrangibility of the rays of light, and 
that, compared with this, the spharical aberration was ex- 
tremely trifling. But though Newton, by thus pcanting out 
the cause of the indistinctness of refracting telescc^es, con- 
tributed indirectly to theb improvement, he may certainly be 
said to have checked the progress of this branch of science, 
when he stated,^ " that all refracting substances diverged the 
prismatic colours in a constant proportion to their mean refrajc- 
tions, — that refraction could not be produced without colour, 
and, consequendy, that no improvement could be expected in 

' A full account of what was done by Mr. Hall will be found in the Edinbur^k 
Encydopiediay voL xv, p. 479. 
3 Newton's Optics^ p. 112. 
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the refracting telescope."" In this conclusion philosophers had 
acquiesced for above half a century, till Mr Dollond having 
examined the premises from which it was drawn, obtained a 
result very different from that of Sir Isaac Newton. He found 
that substances which had the same refractive power had dif- 
ferent dispersive powers, or, in his own words,* " that there is 
a diflference in the dispersion of the colours of light, when the 
mean rays are equally refracted by diflferent mediums ;" and 
thence concluded that the object-glasses of refracting telescopes 
were capable of being made without being affected by the 
different refrangibility of the rays of light. 

That our readers may understand this illustrious discovery, 
and the method of its application to the construction of achro- 
matic object-glasses, let A B C, Plate X, Fig. 4, be a prism^ 
O a beam of white light proceeding in the direction O iV, but 
refracted from its rectilineal course by the interposition of the 
prism, and forming the prismatic spectrum R M V. The line 
n M being the direction of the mean refracted light, the angle 
iVn M is called the angk of deviation, and RnV the angle of 
dispersion. In the same medium, the angle of dispersion is 
always proportional to the angle of deviation, or to the mean 
angle of refraction, and Newton imagined that tliis was univer- 
sally the case in different media, L e. that the angle Nn Mi^ aU 
ways proportional to the angle R n F, whether the prism be of 
crown, or flint, or any other kind of glass. Dollond, however, 
found that these angles were not proportional to each other in 
different media, but that in some the angle of deviation is 
larger when the angle of dispersion is smaller, and that in 
others the angle of deviation is smaller when the angle of dis- 
persion is larger. Thus, if the prism AB C he made of 
crown-glass, the angle of deviation will he N n M, and that of 
dispersion RnV; but if a flint-glass prism with a less refract- 
ing angle be substituted in its room, the angle of deviation 
may he Nn M, while that of dispersion becomes rnv. 

The application of these principles to the improvement of 
the refracting telescope will be easily comprehended, if we con- 
sider that light is refracted and dispersed by lenses in the same 
manner as by prisms. Thus, in Fig. 6, let ABheo, convex 
lens, O a beam of light incident at w, emerging at w, and 
proceeding in the direction m N ; then if we suppose abc to 

^ See the Philovyphical TransactUyM, vol. 1 p. 7^3. 
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be aprisniy whose sides a by ac, are tangents to the surfaces 
of the lens in the points w, m, the beam of light O, incident at 
w, . will emerge at ot, and proceed in the same direction m iV as 
formerly ; and if the lens be concave, as C Z>, it will refract 
and disperse the rays in the same way as a prism acd, placed 
ift a contrary direction with its base a d uppermost. Now, if 
we apply to the prism abc another prism acd^ having a si- 
milar refracting angle, and the same refractive and disper^ve 
power, or if to the convex lens AB we apply the concave one 
CDy having the same curvatnre and the same refractive and 
dispersive power, then the ray of white light O, incident at w, 
will emerge colourless at p, and proceed in the direction p iV, 
parallel to On, because the change which is produced on the 
incident ray by tlie first prism or convex lens, is counteracted 
by an equal and opposite change produced by the second prism 
or concave lens. But if the second prism or lens has a different 
refractive and dispersive power from the first, and if the re- 
fracting angle of both is the same, the ray p N" will be co- 
loured after refraction, because the second prism more than 
counteracts the effects of the first, and it vsdll be bent to or 
from the axis of the lenses according as the refracting power of 
the second prism or lens is greater or less than that of the first. 
From these observations, the attentive reader wiU easily 
understand the construction of the double achromatic object- 
glass, in which A B is the convex lens of crown-glass, and 
CD the concave one of fkni-glass. As the refractive and dis- 
persive powers of the lens C D are greater than those of the 
lens A B, the curvatures of the lenses, or the refracting angles 
of the corresponding prisms, being equal, the ray p N will be 
bent from the axis of the lenses, and it will be coloured by 
the excess of the dispersive power of the flint above that of the 
crown-glass. In this case, therefore, the combined lenses wiU 
not have a positive focus. But since, in the same medium, 
the angle of dispersion increases or diminishes with the angle 
of deviation, we can diminish the refraction and dispersion of 
the concave lens by diminishing its concavity, or the refracting 
angle of the corresponding prism. Now, let the concavity of 
the lens CD he diminished till its dispersion be equal to the 
dispersion of the lens A B, its refraction or power of bending 
the incident rays will also be diminished ; then since the dis- 
persion of the concave lens is equal to the dispersion of the 
convex one, and its curvature less, the ray p N will emerge 
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perfecdy colourless, and it will be bent towards the axis of 
the lenses, as the convergency of the incident ray occasioned 
by the convex lens is not wholly counteracted by the. diver- 
gency produced by the concave one. In the same manner, 
every other ray falling upon the surface of AB will be refract- 
ed colourless into a positive focus, and an image will be formed 
perfectly achromatic. 

From what has been said concerning the double achromatic 
object-glass, it will be easy to comprehend how a colourless 
image is formed by a combination of three lenses, which is now 
universally adopted for the purpose of diminishing the spheri- 
cal aberration. In Fig. 6, let A By C D, E F, be the three 
lenses which compose the triple object-glass* A 5, and JS F, 
being convex, and of crown-glass, and CD concave, and made 
of flint-glass; and let a 6, cd^ e/, be corresponding prisms, 
which, if substituted instead of the lenses, would refract and 
disperse in a similar manner any ray of light which falls upon 
the points j, w, r, ty gy jp, where the sides of the prisms are 
supposed to touch the surfaces of the lenses. Suppose, also, 
which is generally the case, that the two convex lenseis have 
equal focal lengths, and that the focal distance of either lens is 
greater, or their curvature less, than that of the concave one, 
whose dispersion "^exceeds that of the lens AB ; then a ray, O, 
of white light incident at q, will, after refraction by the lens A By 
be separated into its component parts, and proceed in the di- 
rection mrRyUsV; mrR being the extreme red ray, and 
n sV the extreme violet. But as these rays are intercepted by 
the lens C Z), at the points r, Sy they will undergo another re- 
fraction in a contrary direction, and will proceed according to 
the dotted lines tVy ov. These rays will diverge after refrac- 
tion, and be bent^om the axis of the lenses, since the refrac- 
tion, as well as the refracting angle of the prism c d, or lens 
c Dy exceeds the refraction, and refracting angle of the prism 
a by or lens A B ; for though the violet ray qns is bent from 
the red ray qmrhy the refraction of the lens A By it is again 
bent towards it by the superior refraction of the concave lens, 
and they will therefore converge to one another in the direction 
tr^ ov. In this case, the excess of dispersive power in the 

^ The lenses are placed at a distance from eacli otlier in the iigure, that the pro- 
gress gf the incident ray may he more easily perceived. 
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concave lens tends only to delay the mutual convergency of the 
red and violet rays, or to remove the point where they would 
meet farther from the lens e D. Now it is evident that two 
rays of diflFerent refrangibility fallmg upon a prism or lens with 
different angles of incidence, may emerge with the same angle 
of refraction, or may be united at their emersion from the prism 
or lens ; for in this case their difference of re&ang^bility coun- 
teracts the difference between their angles of incidence. The 
red and violet rays oTytv^ therefore, which fall upon the lens 
E F with different angles of incidence, will, after refraction by 
the third lens, proceed perfectly colourless in the direction j9 N. 
In the same manner, aJl the rays which proceed from any ob- 
ject, emerging colourless from the triple object-glass, will unite 
in one poipt, and form an image completely achromatic. 

Having thus discovered that light could be refracted without 
colour, the next object of philosophers was to ascertain the cur- 
vature which must be given to lenses, in order to produce this 
effect, and likewise to correct the spherical aberration. This 
subject has been treated with the greatest ability by several fo- 
reign mathematicians, but particularly by Euler,* D^Alembert,^ 
Clairaut,® Boscovich,* and Klugel.^ The writings of these 
philosophers furnish us with the most complete and accurate 
information upon this point ; and art has in this case received 
from science all the assistance which she can posably bestow. 
It shall be our object at present to reduce the results of their 
investigations either into tables or into such a form as may be 
easily comprehended by the practical optician, and thus to fur- 
nish tlie artist with a popular view of this interesting subject. 

The only philosophers in our country who have written 
upon the theory of achromatic object-glasses, are the late 
learned Dr. Robison of Edinburgh, and Mr. J. F. W. Her- 
schel. From the formulae contained in the dissertation of the 
first of these philosophers the following Table is computed. 

^ Comment, Nov. Acad. Petropd. torn, xviii, p. 407* 

7 Mem. de PAcatL ParUt 1764, 8vo, p. 139; 1765, 8vo, p. 81 ; and 1767* 
4to, p. 43. 
•8 Mem. de VAcad. Paris, 1756, 8vo, p. 612 ; 1767, 8vo, p. 853 ; and 1762. 

^ Kv J. Boscovichii Opera Pertinentia ad Opticam et Aatronomiam^ Bassani, 
1785, torn, i, opusc^ 2, p. 169. 

^ Comment. Reg. Soc Gotting. 1795 to 1798, torn, xiii, p. 28. 
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Table of the Radii of Cvroapure of the Lenses of a Triple 

ObjecUGlass,^ 



Focal 




Convex lens of ffint 


CoQTSx lens of cxown 


length. 


glaw. 


glass. 


glass. 


Inchei. 


Inches. 


Inches. 


Indies. 


IndieB. 


Inches. 


Indies. 


6 


4.54 


3.03 


3.03 


6.36 


6.36 


0.64 


9 


6.83 


4.56 


4.56 


9.54 


9.54 


0.92 


12 


9.25 


6.17 


6.17 


12.75 


12.75 


1.28 


18 


13.67 


9.12 


9.12 


19.08 


19.08 


1.92 


24 


18.33 


12.25 


12.25 


25.50 


25.50 


2«56 


30 


22.71 


15.16 


15.16 


31.79 


31.79 


3.20 


36 


27.33 


18.25 


18.25 


3&17 


38.17 


a84 


42 


31.87 


21.28 


21.28 


44.53 


44.53 


4.48 


48 


36.42 


24.33 


24.33 


50.92 


50.92 


5.12 


64 


40.96 


27.36 


2736 


57.28 


57.28 


5.76 


60 


45.42 


30.33 


30.33 


63.58 


63.58 


6. 4 



The reader will observe, that only three pair of grinding 
tools are necessary for constructing a telescope according to 
the preceding table ; but the work may be performed by only 
two grinding tools, if we employ the radii of curvature which 
are contained in the following Table, computed from the for- 
mulae of Boscovich. 



Focal 


Radii (rf the four Smfaoes of the 


Radius of the two surftoes of tiie 


length. 


two lenses of crown glass. 


concave lens of flint glass. 


Inches. 


Inches. 


Indies. 


6 


3.84 


3.17 


9 


5.76 


4.75 


12 


7.68 


6.34 


18 


11.52 


9.50 


24 


15.36 


12.68 


30 


19.20 


15.84 


36 


23.04 


19.00 


42 


26.88 


23.17 


48 


30.72 


25.36 


54 


34.66 


28.51 


60 


38.40 


31.68 



The radii of curvature employed by the London opticians 
are pretty nearly represented in the following Table, which is 
calculated from Dr. Robison^s measurements. 

> A telescope 30 inches in focal length, constructed according to this table, bore 
an aperture of 3( inches. 
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Focal 
length. 


Convex leng of crown 
glaM. 


Radius of both the sur- 
faoes of the coocaye 
lens of flint i^ass. 


Convex lens of crown 

glflOS. 


Inches. 


Inches. 


Inches. 


Inches. 


Indies. 


Indies. 


6 


3.77 


4.49 


3.47 


3.77 


4.49 


9 


6.65 


6.74 


5.21 


5.65 


6.74 


12 


7.54 


8.99 


6.95 


7.54 


8.99 


18 


11.30 


13.48 


10.42 


11.30 


13.48 


24 


15.08 


17.98 


13.90 


15.08 


17.98 


30 


18.34 


22.47 


17.37 


18.34 


22.47 


36 


22.61 


26.96 


20.84 


22.61 


26.^6 


42 


26.38 


31.45 


24.31 


26.38 


31.45 


48 


30.16 


35.96 


27.80 


30.16 35.96 


64 


33.91 


40.45 


31.27 


33.91 40.45 


60 


37.68 


44.94 


34.74 


37.68 44.94 



Two of Dollond's best achromatic telescopes being exa- 
mined, were found to have their lenses of the following cur- 
vatures, reckoning from the surface next the object : — ^Crown- 
glass lens 28 inches, and 40. Concave lens 20.9 inches, and 
28. Crown-glass lens 28.4, and 28.4. The focal length of 
the compound object-glass was 46 inches. In the other tele- 
scope^ whose focal length was 46.3 inches, the curvature of 
the 1st lens was 28 and 35.5 inches ; the 2d lens 21.1 and 
25.75 ; and the 3d 28 and 28. Both these telescopes magni- 
fied from 100 to 200 times, according to the powers applied. 

The Due de Chaulnes having in his possession one of Dol- 
lond^s best telescopes, whose focal lengtii was 3 feet 5 inches 
4.25 lines, made a variety of accurate experiments in order to 
determine the curvature, thickness, and distance of its lenses, 
and found them to be of the following dimensions.^ Radius 
of the 1st surface, or the surface next the object, 25 inches 
11.5 lines. Radius of the 2d surface, 32 inches 8 lines. Ra^- 
dius of ike 3d surface, 17 inches 10 lines. Radius of the 4th 
surface, 24^ inches. Radius of the 5th, 24^ inches ; and the 
radius of the 6th, 26 inches and 10.6 lines. Thickness of the 
first lens at its axis, 2.11 lines ; thickness of the second, 1.59 
lines; thickness of the 3d, 2.18; and the thickness of the 
whole lens 5.91 hues.* 

A very excellent telescope, with a double achromatic object- 

3 These experiments are detailed at great length in the Menu de VAcad. Paris^ 
1767, 4to, p. 423. 

-^ For the dimensions of the eye-piece of this telescope, see the article oo Ackro^ 
matic Eye-pieces, p. 323. 
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glass, was constructed by M. Antheaulme in 1763, from the 
formulae of Clsdraut. The lens of flint-glass was placed next 
the object, and was a meniscus with its convex side outwards. 
The radius of its concavity was 17| inches, and the radius of 
its convex side was 7 feet 6| inches. The interior surface of 
the lens of crown glass had a radius of 18 inches, while its 
exterior surface, or that next the eye, was 7 feet 6 inches. 
These lenses were separated by a piece of card, and formed a 
compound object-glass, with a focal length of 7 feet, and an 
aperture of S inches and 4 lines. Its eye-piece consisted of 
two lenses. That next the object was a double convex lens 
with 18 lines of focal length, and 9 lines of aperture. Its first 
surface, or that next the object-glass, had a radius of 11^ 
lines, and its second surface a radius of 7 inches 2 lines. The 
second eye-glass, which was a meniscus, had 5 lines of focus* 
and 2 lines of aperture. The radius of its convex surface was 
^1 linies, and that of its concave surface, which was next the 
eye, was 8 lines. The distance between the two eye-glasses 
was 9 lines. 



Tables for Double Achromatic Object^Glasses, 

The following Table, calculated from the formulae of Bos- 
covich, contains the radii of curvature for the lenses of a 
double achromatic object-glass. 



Focal 

length. 


Convex lev of crown glass. 


Concave lens of flint glass. 


Inches. 


Inches. 1 Inches. 


Inches. 


Inches. 


6 
9 
12 
18 
24 
30 
36 
42 
40 
54 
60 


1.94 

2.91 

3.88 

5.82 

7.76 

9.70 

11.64 

13.58 

15.51 

1745 

19.39 


1.91 

2.86 

3.82 

6.73 

7.63 

9.54 

11.45 

13.36 

15.27 

17.17 

19.08 


1.91 

2.86 

3.82 

6.73 

7.63 

9.54 

11.45 

13.36 

15.27 

17.17 
19.08 


9.49 
14.24 
18.99 
28.48 
36.99 
47.47 
56.97 
66.46 
73.98 

85.47 
94.95 



In the following Table, calculated from Dr. Robison''s mea- 
surements, the reader will find the radii of curvature which 
are employed by the London artists in the construction of the 
double achromatic object-glass. The three first surfaces may, 
without any perceptible error, be ground on the same tool. 
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Foal 
length. 


CooTM lent of crown gla» 


Coocate lens of flint gbm. 


Inches. 


Indies. 


Incfaei. 


Indies. 


iQdMS. 


6 
9 
12 
18 
24 
30 
36 
42 
48 
64 
60 


1.76 

2.64 

3.53 

5.29 

7.05 

8.81 

10.58 

12.34 

14.11 

15.87 
17.63 


2.12 

3.17 

4.23 
6.35 
8.46 
10.58 
12.69 
14.81 
16.92 
19.04 
21.16 


2.07 

3.10 

4.13 

6.20 

a26 

10.33 

12.39 

14.46 

16.52 

18.59 

20.66 


6.88 
10.33 

13.77 
20.65 
27.54 
34.42 
41.30 
48.18 . 

55,07 
61.96 / 
68.S4<» 1 



Though it is demonstrable that a telescope constructed ac- 
. cording to the prececUng tables, and formed of glass, whose 
refractive and dispersive power is similar to that which was 
employed in the formulae upon which these tables are founded, 
will form an image perfectly distinct and colourless ; yet it is 
so difficult to procure flint-glass of the same refractive and 
dispersive power, that it is almost imposi^ble for a private 
individual to succeed, even after several tnals. The London 
opticians have always at hand a number of lenses of various 
curvatiures, and different powers of refraction and dispersion, 
and by selecting such as answer best upon trial, they are 
enabled, without much trouble, to construct an object-glass 
in which the spherical and chromatic aberrations are almost 
wholly corrected. Those, therefore, who are not furnished 
with a sufficient number of lenses, must necessarily meet with 
frequent disappcnntments in their attempts to construct achro- 
matic telescopes ; and the only way of preventing these dis- 
appointments, and rendering success more certain, is to have 
a variety of tables, which being founded on different condi- 
tions, ^ve different curvatures to the lenses. If the artist 
should be unsuccessful, either from the nature of the refract- 
ing media which he employs, or from giving the lenses a 
greater or lesser curvature than the table requires, he may, 
with very little trouble, sometimes by altering the radius of 



^ In this and the five preceding tables, the sine of incidence is sapposed to be to 
the sine of refraction as 1.526 to I in the crown-glass, and as 1.604 to 1 in the fiiat- 
glass ; and the 'ratio of the differences of die sines of the extreme rays in the crown 
and flint^lass 0.6054. 



r 



SECT. VIT. ON ACHROMATIC OBJECT-GLASSES. 319 

a single surface^ adapt the lenses to the conditions of some 
other table, and in all probability obtain a more favourable 
result. With the view of facilitating these attempts, we have 
computed the preceding tables, and for the same purpose we 
shall subjoin the following dilSerent forms of achromatic object- 
glasses from Bpscovich and Klugel. 

In these forms, a represents the first surface of the com- 
pound lens, or that which is next the object, b the second 
surface, a! the third, 6' the fourth, a" the fifth, and V the 
sixth ; «,. J, a", V\ representing the radii of curvature for the 
convex lenses of crown-glass, and a', y, the curvature of the 
concave lens of flint-glass. The focal distance of the first lens, 
or that whose surfaces are marked a, 6, is represented by a?, 
that of the second by y, and that of the third by sr, while 
the focal length of the compound lens is distinguished by the 
letter F. 

FORMS FOR TRIFLE OBJECT-GLASSES. 

I. 

a = 6 = a" = 6" = 0.6412 x =: 0.6096 

d = 0.6227 y = 0.4384 

V = 0.6367 z = 0.6096 

Fz=:l 

In this form the two lenses of crown-glass are isosceles,* and 
have the same curvature and focal distance. The middle lens 
of flint-glass is nearly isosceles, and may be made so in prac- 
tice, so that only two grinding tools are necessary for this form* 

II. The txg)o first Lenses Isosceles. 

a^hz=.(£z=zh'- 0.630 x = 0.6038 

a"= 1.215 y = 0.4«88 

6"= 0.3046 z = 0.7727 
F=zl 

III. The first and third Lenses Isosceles. 

a = b^af'=zV' -0.616 

o'= 0.6356 F=:l 

V = 0.3790 « 

^ A leos is called isoscelea when both its surfaces have the same curvature* 
6 In these two forms the refractive and dispersive power of the glass is supposed 
the same as in the note on the preceding page. 
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IV. The twojirit Lenses Isosceles. 

a=r6=a' = 6^ = 0.4748 

a" = 0.3514 F = 1 
¥ = 0.4383 

V. The second and third Lenses Isosceles, 

a =. 0.6721 

6 = 1.8744 
a' = 6' = a'' = 6"= 0.4748 

VI. AU the three Lenses Isosceles. 

a=:b=L 0.7963 
a' = y = 0.4748 
a" = 6" = 0.6023 

VII. Second Lens Isosceles, the first and third of equal FotcA 

Length, but placed in a/n inverse order* 

a = 6"= 0.7306 

a' = 6' = 0.4748 

a"-b =0.5326 

VIII. Second Lens IsoscdeSy the first and third of equal Focal 

Lengthy and placed in a direct order. 

a = a'' = 0.7048 
b-W- 0.6471 
a'=:V zn 0.4748^ 

FORMS FOR DOUBLE OBJECT-GLASSES. 

I. First Lens Isosceles. 

a = 6 = 0.3206 x = 0.3408 
d = 0.3201 y = 0.4384 
6' = 1.533 F=l. 

II. 

a = 6943 Distance between the 

6 = 22712 lenses = 100 

a' = 14750 Aperture = 3000 

b' = 18383 Thickness of the 

a: = 10000 convex lens = 250 

y = 1 4080 Thickness of the 

/'= 32024 concave lens = 100 

^ In the preceding forms, which are calculated from the formulae of Boscovich, 
the sine of incidence is to the sine of refraction as 1.627 to 1 in the crown-glass, aiid 
as 1.575 to 1 in the flint-glasSi and the ratio of the differences of tlic sines of the ex- 
treme rays 0.G48G. 
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III.» 


o = 


2168 


Distance between the 


b = 


7092 


lenses = 81 


ar = 


4606 


Aperture . = 937 


Vz= 


5740 


Thickness of the 


a? = 


3123 


convex lens — 79 


y — 


4397 


Thickness of the 


F = 


10000 


concave lens — 31 
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In making use of the preceding forms, we have only to fix 
upon the focal length which we intend to give to the object-glass, 
and multiply the different numbers by this focal length, ex- 
pressed in feet or inches, and the result will be the proper 
radii of curvature in feet or inches. Thus, let it be required 
to construct a double achromatic object-glass according to the 
first of these forms, whose focal length shall be 20 inches, we 

shall have 

a = i = 20 X 0.3206 = 6 inches and ^% nearly ; 
a' = 20 X 0.3201 = 6 inches and j% nearly ; 
l/ = 20 X 1.553 = 30 inches and ^\ nearly ; 
07 = 20 X 0.3408 = 6 inches and j% nearly ; 
2/' = 20 X 0.4384 = 8 inches and j% nearly ; 
andF==20 x 1 = 20 inches. 

The subject of double achromatic object-glasses 
has been retently treated with great ability by Mr. gcheU on a- 
J. F. W. Herschel. In order to render the problem chromaticob- 
determinate, Mr. Herschel has introduced the condi- ^ "^ 
tion of ensuring the destruction of the spherical aberration not 
only for parallel rays, but also for those which diverge from ob- 
jects placed at any moderate finite distance, so as to produce a te- 
lescope equally perfect for terrestrial and astronomical purposes. 
This condition is attended with other advantages. The curva- 
tures are all more moderate than in any other construction hi- 
therto proposed. The two interior surfaces approach so near 
to coincidence, that no sensible error can occur from neglecting 
their difference, and grinding them on tools of equal radii ; and 
by any variation in the refractive and dispersive power of the 
glass, the curvatures vary within extremely narrow limits. 

^ This and the preceding form are calculated from Klugel, and suited to glass, 
with nearly the same refractive and dispersive powers as that mentioned in the pre- 
ceding note. 
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This very interesting result gives a simplicity to the con- 
struction of double achromatic object-glasses hitherto unknown, 
and has enabled Mr. Herschel to lay dqwn the following easy 
practical rule, applicable in all ordinary cases :— " A double 
cbject^lms wiU be nearly free Jrom aberration^ provided the 
radius of the exterior surface of the crown lens be 6.72, and 
of the Jlint 14.2, the focal length of the combination being 
10.00, and the radii of the interior surfaces being computed 
from these data, by the formubs .given in aU elementary works 
on optics^ so as to make the focal lengths of the ttvo glasses in 
the dared ratio of their dispersive powers."^ 

In this construction, the anterior glass, or that which first 
receives the incident rays^ is crown, and is double convex, of 
unequal .convexities ; the flatter surface being placed outwards, 
while the posterior lens, formed of flint-glass, is concavo-con- 
vex, having its concave surface applied against the posterior 
or most convex surface of the crown lens. This combination 
is represented in Plate X, Fig. 7, where the four surfaces are 
numbered in the order in which the light traverses them, O 
being the object, and F the image formed in the focus. 

The rule here stated is given only as approximative, though 
it is sufficiently exact for ordinary use ; but when object- 
glasses of great size and value are to be constructed, their 
radii must be computed more strictly ; and for this purpose 
Mr. Herschel has calculated a table from the rigorous for- 
mulae, which will be found, with the fullest explanations, in 
the Edinburgh Philosophical Journal^ vol. vi, p. 367, or in 
the Edinburgh E'noyclopasdia^ Art. Optics^ vol. xv, p. 647. 

Achromatic object-glasses may sometimes be improved by in- 
terposing pure turpentine varnish, or mastich, between the con- 
cave arid convex len^s. By this means the reflection from the 
internal surfaces is removed, and that loss of light prevented 
which arises from an imperfect polish of the surfaces. The 
adjustment of the axes of the lenses both of double and triple 
object-glasses is a point of the first importance. Dr. WoUaston 
has pointed out a very ingenious method of doing this by exa- 
mining the series of images reflected from the different surfaces 
of the lenses. An account of this method will t)e found in the 
PhU. Trans, 1822, p. 32, and in the EdirAurgh Encyclopvsduiy 
Art. Optics^ vol. XV, p. 653. 

Achromatic telescopes have also been constructed by using 
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only transparent fluids, or substituting them instead of the 
concave lens of flint-glass. For this discovery we are indebted 
to the ingenious Dr. Robert Blair, who has. given an account 
of his experiments in the SXi volume of the Transactions of 
the Royal Society of Edinburgh, to which we must refer the 
feader, after giving a description of one of these fluid object- 
glasses. 

If pure sffirit of turpentine be interposed between two con- 
vex lenses of crown glass^ having the radii of their surfaces as 
6 to 1, with the most convex sides turned inwards, the image 
formed by this combination will be perfectly achromatic. The 
spirit of turpentine has the form of a double concave lens, and 
as its refractive and dispersive powers diflcr from those of 
crown-glass, it wiQ act in every respect like a lens of flint-glass. 
A few years ago I constructed an object-glass of this kind, 
having 36 inches of focal length, but found it troublesome to 
keep it in order. — See also the EdMburgh Encyclopcedia, Art. 
Optics, vol. XV, p. 648. 

8. On Achromatic Eye-Pieces. 

Although a brief account of the achromatic telescope has 
been given by those who have writtcfn upon optics since the 
invention of that instrument, yet these authors have unac- 
countably overlodked the construction of achromatic eye-pieces. 
Dr. Robison, indeed, has treated this subject at considerable 
length, after Boscovicii, but has furnished almost no informa- 
tion to the practical optician. On thisaccount, with the Ita- 
lian philosopher as our guide, we shall dwell a little longer 
upon this point than might otherwise be thought necessary 
in a work like this. In order to correct the error arising 
from the unequal refrangibility of light in the eye-pieces of 
telescopes, we are not under the necessity of using compound 
lenses of crown and flint glass, as this species of aberration 
can be completely removed by a particular arrangement of the 
eye-glasses which are employed fof erectidg the object. 

This will appear from Fig. 8 of Plate X, j^gth^d of 
where AB is an achromatid object-glass, and D E correcting the 
an eye-piece of the kind mentioned in p. 328. Let jj^^on by 
C JDE be the axis of the telescope, arid S T a ray single lenses. 
passing through the object-glass A B, As the ob- Plate X. 
ject-glass is achromatic, this ray will fall upon the *^' 
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eye-glass i>, without being decomposed into the prismatic 
colours, through whatever part of the lens it is transmitted. 
The eye-glass Z), however, will separate the ray S T into its 
component colours, and the red part of the ray will be bent 
into the direction T -R, and the violet part into the direction 
T V. But when the second lens is interposed, it will intercept 
the red ray at the point m, and the violet ray at the point fk 
of its anterior surface. Now, as the red ray Tm enters the 
lens £ at a point m, farther from the axis than the violet ray, 
and as the refracting angle of the lens is greater at m than at 
n, this increase of the refracting angle for the red ray will 
make up for its inferior refrangibility, and the rays T m, Tn^ 
will emerge parallel from the lens E in the direction mr^nv. 
The chromatic aberration, therefore, which is always propor- 
tional to the angle fdrmed by the resulting rays mr^nv, will 
be destroyed. In small pocket telescopes, as opera glasses, &c. 
where it would be very inconvenient to apply a long eye-piece, 
compound lenses of crown and flint glass should be adopted,, 
and may consist either of two or three glasses, with the follow- 
ing curvatures. 

FORMS FOB A DOiDBLE £Y£-Gi.ASS. 

I. Both Lenses Isosceles.^ 

a = b = 0.a20 X = 0.304 

«'= f/= 0.529 y = 0.438 

II. First Lens Isosceles. 

a = af=b =0.320 - 07 = 0.304 
1/ = 1.517 y = 0.438 

FORMS FOR A TRIPLE EYE-GLASS. 

I. Jll the three Lenses Isosceles. 

a = b = af' = ft" =0.640 z = a; = 0.608 

a'=.l/ = 0.529 y = 0.438 

II. First Lens Isosceles. 

a = l/' = 0.810 z = 47=: 0.608 

b = a'=.l/=a:' = 0.529 y = ^^38 

" The letters o, i, «, y, &c represent the same quantities as in page 3 Ww 
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If it is required to erect the object ks in the Galilean tele- 
scope, the middle lens of flint-glass must be made convex, and 
the other lenses concave, but with the same radii of curvature, 
so that the concavity of the compound lens may predominate. 



On Eye-Pieces with three Lenses^ which remove the Chromatic 

Aberration, 

The three lenses must be made of the same kind of glass, 
and may be of any focal length. The distance between the 
first and second, or the two next the object, must be equal to 
the sum of their focal distances, and the distance between the 
second and third must exceed the sum of their focal distances, 
by a quantity which is a third proportional to the distance be- 
tween the first and second, and the focal length of the second 
lens ; or, in other words, the distance between the second and 
third lenses must be equal to the sum of their focal distances, 
added to the quotient arising from the square of the focal dis- 
tance of the second lens, divided by the sum of the focal dis- 
tances of the first and second. These, and other circumstances 
which should be attended to in the construction of achromatic 
eye-pieces, will be better understood by expressing them alge- 
braically. 

Thus, let F be the focal length of the object-glass, p^^^j ^ 
and a:f/z the focal distances of these eye-glasses, achromatic. 
reckoning from that which is nearest the object. *^y^P*^<^^ 
Then we shall have 

1, The distance between the first and second lenses, a? + ^ 

2, The distance between the second and third, ^ + z+ -^^ 

ar + y 

3, Distance of the first lens from the focus of 

the obiect-elass, _ - - -5iL 

4, Magnifying power of the eye-piece, - — 
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5, Focal distance of a single ^ lens, with the 
same magnifying power, 

6, Distance of the eye from the third lens, - ^ 

7, Length of the whole eye-piece, - a: + 3y+2 z 

8, Length of the whole telescope, F + a: + S7/+2z 
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xa 



9, Aperture of the lenses* a, of, ((' al •=zcf^a = 

10, The aperture of the diaphragm, or field 

bar, or m, should be a little less than ^ . a 
And should be placed in the focus of the object-glass. 

11, The field of view is nearly - - — -^ — 

Although the aberratiph of colour will be completely re- 
moved by making the lenses of any focal length, and placing 
them at the distances indicated by the preceding formulae, yet 
it is preferable to make the first and second lenses of the same 
focal length, and to give the third a less focal distance, and 
make its distance from the second equal to its own focal lengkb, 
added to 1^ the focal distance of one of the other lenses ; for, 

in this case, where x and y are equal, the expression -^ 

which, when added to ^ 4* ^s expre&ises the distance betwe^ the 
second and third lenses, becomes \y? Beside the simplicity of 
this combination, it has another advantage, for the magnifying 
power of the eye-piece is always equal to the magnifying power 

of the third lens. This is evident from the fifth formula — , 

which becomes = z when x and y have the same value. So 
that in this construction, when we wish to give a certain mag* 
nifying power to a telescope^ we have only^ to take such a focal 
length for the third lens as will produce this magnifying power, 
and make the focal length of the other two a little greatar than 
that of the tliird. By increasing the focal lengths of the two 
first lenses, the image is not injured by any particles of dust 
which may be lying on their surface, and the sf^erical aber- 
ration is also diminished. By augmenting the curvature of the 
third lens, however, we contract the field of view, which ought, 
if possible, to be avoided. This may be avoided, indeed, as 
Boscovich has shewn, by making the third lens consist of two 
convex ones of the same glass, their surfaces being in contact, 
and their focal lengths equal. From long experience, he found 
that eye-pieces of this construction are superior to all others, 

> The apertures of the leiu^ may be made equal to one another, but should 
never be greater than half the focal distance of the third lens. 

3 Since «=y in this case, ^j-^ id = ^ = -f- or 4y for 4j^ X2y=y». 
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and that the error arising from the spherical figure of the glass 
is greatly diminished by making, all the lenses plano-ccmvex, 
and turning the plane sid^s to the eye, excepting the second 
lens, whose plane surface should be turned to the object All 
the lenses may be made of the same focal l^igtb, and then the 
distance between the first and second, and the second and third, 
will be equal to the sum of their focal distances. In this case 
the third and fourth lenses, which are joined together, are con- 
sidered as a single lens, whose focal length is equal to one half 
the focal length of either of the two. The apertures too may 
be all equal, and the field bar must bea little less than any of 
the apertures. 

In all kinds of achromatic eye-pieces which are composed of 
single lenses, flinUglass should be employed, because it has the 
greatest refractive power, and therefore requires a less curva- 
ture to have the same focal distance. The spherical aberration, 
consequently, which always increases with the curvature of the 
lenses, will be less in a fiint-glass eye-piece than in one of 
crown-glass. Flint-glass, indeed, produces a greater separa- 
tion of colours, but the error arising from this- cause i3 com- 
pletely removed by the proper arrangement of the lenses. 

On Ey&'Pieces with Four Lenses^ which remove the Chromatic 

Aberration. 

A good achromatic eye-piece may be made of four lenses, if 
their focal lengths, reckoning from that next the object, be as 
the numbers 14, 8X, 27, 32, their distances 23, 44, 40, their 
apertures 5.6, 3*4, JL3.5, 2.6, and the- aperture of the dia- 
phragm, placed in the anterior focus of the 4th eye-glass 7* 
The focal length of the equivalent single eye-glass is 16f . 

In one of Ramsden's small 4elescopes, whose object-glass was 
8 J inches in focal length, and its magnifying power 15.4, the 
focal lengths of the eye-glasses were 0.77 of an inch, 1.025, 
1.01, 0.79, and their respective distances, reckoning from that 
next the object, were 1.18, 1.83, 1.10. 

In the excellent telescope of Dollond's construction, which 
belonged to the Due de Chaulnes, the focal lengths of the eye- 
glasses, beginning with that next the object, were 14| lines, 
19, 22|, 14; their distances 22.48 lines, 46.17,21.46; and 
their thickness at the centre 1.23 lines, 1.25, 1.47. The fourth 
lens was plano-convex, with the plane side to the eye, and th^ 
rest were double convex lenses. 
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On Achromatic Eye-Pieces Jbr Astronomical Telescopes. 

In eye-pieces of this kind, which invert the object, the focal 
length of the first lens should be triple that of the second, and 
their distance double the focal length of the second, or § of the 
focal length of the first. The lenses should be plano-convex, 
the plane surfaces turned to the eye, in order that the aberra- 
tion of sphericity may be diminished as much as possible. 

The telescope of DoUond'^s, belonging to the Due de Chaul- 
nes, had two astronomical eye-pieces, one of which was fur- 
nished with a micrometer. In the eye-piece which carried the 
micrometer, the first lens was 1S| lines in focal length, and 
1.62 lines thick ; the second was 5.45 lines in focal lengthy and 
1.25 thick ; the distance between their interior surfaces 4.20 
lines, .and the distance of the first lens from the focus of the 
object-glass 13 f lines. In the other eye-piece, the focal length 
of the first lens was 8.80 lines, and its thickness 1.60 ; and the 
focal length of the second was 3.53, and its thickness 0.97 
lines. In both these eye-pieces the lenses were plano-convex, 
with the plane surfaces' turned to the eye. 

On Single Eye-Puces. 

Single eye-pieces consist of single lenses, either convex or 
concave; and their form should be either plano-convex or 
plano-concave, or exactly such as will give a minimum error 
of sphericity. 

The great importance of doing this will appear from the 
following results obtained by Mr. Herschel. The minimum 
aberration produced by an eye lens of the best form being 1, 
that of the other lenses will be. 

Aberration. 

Plano-convex, plane side first, - - 4.2 

Plano-concave, plane side first, - 4.2 

Do. convex, or concave surface first, - 1.081 

Double convex or double concave, - 1.567 

Best form, .... 1.000 

As it is desirable, however, to reduce the spherical aber- 
ration below the amount of its minimum in single lenses, we 
must have recourse to two lenses placed together. Mr. Her- 
schel has shewn that the minimum aberration which can be 
produced by two convex lenses placed together will be 0.2481, 
or one-fourth of that of a single lens in its best form ; and that 
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this diminution will be dfected by two plano-oonvex lenses, as 
in Plate X, Fig. 9, the focal length of the first being to that 
of the second as 1 to S.3. If the lenses are of equal foci, the 
aberration will still be so low as 0.6028, or reduced nearly one- 
half. 

In order, however, to destroy the spherical aberration alto- 
gether, by two lenses put together, Mr. Herschel has shewn 
that they must have the form represented in Figs. 10 and 11, 
the convex sides being turned to the eye when used as lenses, 
and to the parallel rays when used as burning-glasses. The 
following are the focal lengths and radii of these lenses : — 

Focal length of the first lens, 
Radius of its first surface, 
Radius of its second surface. 
Focal length of the second lens, 
Radius of its first surface, 
Radius of its second surface. 
Focal length of the combination, 

Mr. Herschel has remarked, that in a burning-glass the de- 
struction of the aberration of rays parallel to the axis is of the 
greatest importance. In order to try this, he had two lenses 
ground to the radii in the first column of the above table. 
They were about three inches in aperture, and when com- 
bined as directed above, the aberration was almost totally de- 
stroyed. Their combined effect as a burning-glass was de- 
cidedly superior to the first lens used alone. 

In eye-glasses and magnifiers, when we wish to examine a 
minute object^ Mr. Herschel is* of opinion, that perfect distinct- 
ness in the central point is of more consequence than extent of 
field, and that too much pains cannot be taken to destroy the 
central aberration. 

• In those cases, on the contrary, where periscopic effects are 
required, such as in spectacles, reading-glasses, magnifiers of 
moderate power, and eye-glasses for certain astronomical pur- 
poses, the correction of the central aberration may be sacrificed 
without inconvenience. The best periscopic combination which 
Mr. Herschel found was a double convex lens of the best form, 
but placed in its worst position for the lens next the eye ; and 
a plano-concave, whose focal length is to that of the other as 
2.6 to 1, or as 13 to 5, placed in contact with its flatter surface, 
and having its concavity towards the object, as in Fig. 12. 
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The aberration of such a lens for rays parallel to the axis is 
no less than twenty^two times that of a single lens in its best 
position ; yet upon forming such a combination accidentally, 
Mr. Herschel was surprised at the remarkable extent of ob- 
lique vision— the absence of fatigue in reading with it— -and 
the great destruction of colour arising from the opposition of 
the prismatic refractions of the two lenses. The focal length 
of ^e compound lens was 1.84 inch. The field of tolerably 
distinct vision was 40° from the axis, and the letters of a book 
might be read with management as far as the 75th degree. 
In nuJcing such combinations, the lenses should be very thin, 
and the eye applied as close as possible. 

9. On the Camera ObscuroH, 

The Camera Obscura, which is one of the simplest and most 
amusing of our optical instruments, has already been described 
in the first volume, p. 184. The improvements which have been 
made upon it since its first inventipn, regard cliiefly its exter- 
nal form, and no attempts have been made to increase the bril- 
liancy and perfection of the image. When we compare the 
pictui^ of external objects, which is formed in a dafk chamber 
by the object-glass of a common refracting telescope, with 
that which is formed by an achromatic object-glass, we shall 
find the difference between their distinctness much less than we 
would have at first expected. Although the adiromatic lens 
forms an image of the minutest parts of the landscape, yet 
when this image is received on paper, these minute parts are 
obliterated by the small hairs and asperities on its sur&oe, and 
the effect of the picture is very much impaired. 

In the construction of the camera obscura, the splendour of 
the picture depends on various circumstances which have not 
hitherto been sufficiently attended to. It has been found from 
experience, that a common lens is preferable to the best achro- 
matic object-glass ; and Dr. Wollaston has suggested the ap- 
plication of the periscopic principle to the lens of the camera. 
M. Cauchoix has found, that the most advantageous ratio of 
the radii of curvature is that of 5 to 8, the shortest of the 
two being that which is turned towards the image. 

Next to the optical perfection of the image, is the nature of 
the surface upon which it is received. When paper is employ- 
ed, it should be made as smooth as possible by smoothing its 
surface ; and when a stucco surface is used, the greatest care 
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iQust be taken to remove all asperities, and make it perfectly 
uniform. With the view of obviating the imperfection of the 
ordinary opaque grounds, I made a great variety of experi. 
inents. Though I did not find any white surfaces superior to 
those in common use, I was surprised to observe the brilliancy 
and distinctness with which the pictures were represented when 
received upon the silvered back of a looking-glass ; and I suc- 
ceeded in giving additional perfection to the images, by re* 
inoving the protuberances and roughness of the tinfoil by 
carefully grinding the surface with a soft kind of hone. Not^ 
withstanding the bluish colour of the metallic ground, white 
objects are represented in their true tints, and so briUiant is 
the colouring, and so rich the verdure of the foliage, that the 
image seems to surpass in beauty even the object itself. I 
have also made various experiments to discover a good ira/ns^ 
parent surf ace as a substitute for ground glass, which would 
permit the application^ of an eye-glass. The loss of lights 
when the image is received on ground glass, is enormous. In 
order to prevent this, and give brilliancy to the colouring, I 
placed another plate of glass above the ground one, and intiYK 
duced between them water, or any other fluid of a different re- 
fractive power from the ground glass ; — the dispersion of the 
light at the separating surface of the ground glass and the fluid 
being sufficient to detain the convergent pencils without greatly 
weakening their intensity. As such a ground, however, cannot 
be used far copying, I put a slightly opaque varnish upon the 
surface of a glass plate, and also upon thin squares of mica, 
and found that these varnishes might be marked with the 
finest lines of a pencil, and that an impression of the sketch 
might be conveyed by the slightest pressure of the hand to a 
piece of p^per. One of the simplest and best of all the var- 
nishes which I used was that of milk dried upon the glass, 
aftelr it had been freed entirely of its butyraceous particles. 
The beauty and distinctness is such, that it will even admit the 
application of a lens to magnify the image, and when properly 
made, wDl receive the mark of a black lead pencil. 

10. On the Phantasmagoria. 
The term Phantasmagoria^ or the raising of spectres, has 
been given to the ex^bition of an optical apparatus similar to 
the magic lantern, which was some years ago publicly shewn 
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in this country. No description, so far as we know, of the 
apparatus actually used, has ever been published ; but a very 
excellent arrangement for a phantasmagoria has been proposed 
by Dr. Young, which we shall describe in his own words. " The 
light of the lamp A (Plate X, Fig. 13), is thrown by the mirror 
By and the lenses C and J5, on the painted slider at uB, and the 
magnifier F forms the image on the screen at G. This lens is 
fixed to a slider, which may be drawn out of the general sup- 
port or box Hy and when the box is drawn back on its wheels, 
the rod / K lowers the point if, and by means of the rod K L 
adjusts the slider in such a manner, that the image is always 
distinctly painted on the screen G. When the box advances 
towards the screen, in order that the images may be diminished 
and appear to vanish, the support of the lens F sufiers the 
screen M to fall, and intercept a part of the light. The rod 
iTiV must be equal to /JT, and the point / must be twice the 
focal length of the lens C before the object, L being immedi- 
ately under the focus of the lens ; the screen M may have a 
triangular opening, so as to uncover the middle of the lens 
only, or the light may be intercepted in any other manner. 

*' In order to favour the deception, the sliders are made 
perfectly opaque, except where the figures are introduced, the 
glass being covered in the light parts with a more or less trans- 
parent tint, according to the effect required. Several pieces of 
glass may also be occasionally placed behind each other, and 
may be made capable of such motions as will nearly imitate 
the natural motions of the objects which they represent. The 
figures may also be drawn with water colours on thin paper, 
and afterwards varnished. By removing the lantern to diifer- 
ent distances, and altering at the same time, more or less, the 
position of the lens, the image may be made to increase or di- 
minish, and to become more or less distinct at pleasure, so that, 
to a person unaccustomed to the effects of optical instruments, 
the figures may appear actually to advance and retire. In 
reality, however, these figures become much brighter as they 
are rendered smaller, while in nature the imperfect transpa- 
rency of the air causes them to appear fainter when they are 
remote than when they are near. This imperfection might be 
easily remedied by the interposition of some semi-opaque sub- 
stance, which might gradually be caused to admit more light 
as the figure became larger, or by uncovering a larger or a 
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smaller portion of the lamp, or of its lens. Sometimes, by 
throwing a strong light upon /an actual opaque object, or on a 
living person, its image is formed on the curtain, retaining its 
natural motions ; but in this case the object must be ccMisider- 
ably distant, otherwise the images of its nearer and remoter 
parts will never be sufficiently distinct at once, the refraction 
being either too great for the remoter, or too small for the 
nearer parts ; and there must also be a second lens placed at a 
sufficient distance from the first to allow an inverted image to 
be formed between them, and to throw a second picture of this 
image on the screen in its natural erect position, unless the 
object be of such a nature that it can be inverted without, in* 
convenience. This effect was very well exhibited at Paris by 
Robertson : He also combined with his pictures the shadows of 
living objects, which imitate tolerably well the appearance of. 
such objects in a dark night, or- by moonshine ; and while the 
room was in complete darkness, concealed screens were pro- 
bably let down in various parts of it, on which some of the 
images were projected ; for they were sometimes actually situ- 
ated over the heads of the audience.*" Sea Dr. Thomas Young's 
Leetn/res on Nat Phil. vol. i, p. 426, 785. 

11. Description of the Dichroscope. 

The name Dichroscope may be appropriately given to those 
instruments which exhibit the complementary colours of po- 
larised light, from ^wo, tze>Oy x^m, colour ^ and (tkctm^ to see. 

The dichroscope, in its original state, is nothing more than a 
portable apparatus for exhibiting the phenomena of the colours 
of chrystallized plates. The apparatus, as brought from Paris 
in 1814, consisted of a piece of black glass, or black japan, 
M N (Plate X, Fig. 14), which was carried in the pocket, and 
of a separate tube ABE, containing a plate A S, of rock crys- 
tal, cut perpendicular to the axis, and one of Rochon''s doubly 
refracting prisms, c d, made of rock crystal, so as to give 
only two images polarised in opposite planes. When the tube 
ABE was directed to the black plate M Ny at an angle of 
about 57% as nearly as could be guessed, the \x)mplementary 
colours of the crystallized plate A B were seen, which varied 
upon turning round the tube. If the aperture A B was small 
and round, the two images of it coloured with the opposite 
complementary colours were completely separated ; but if the 
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aperture was large, and either round, or in the form of a star, 
or any other shape, the two images overlapped each other, 
and the overlapping parts were always white, in consequence 
of the mixture of the two complementary tints. 

The form in which I constructed the dichroscope is shown 
in Plate X, Fig. 15, where the plate M N, composed of six 
or more of the thinnest and most transparent plates of glass, 
is made to move round a hinge at the end A C of the tube 
ABDC9 so as to reflect or transmit a strong beam of polar- 
ised light, R S, along the axis of the tube ; n is a convex eye- 
glass placed next the eye ;^ o an aperture of a circular or any 
any other form, in the focus of the lens o ; m sl flat piece- of 
topaz or rock crystal,^ not much larger in diameter than the pu- 
pil of the eye, and cut in the proper direction from the crystal ; 
and B D SL prism of nearly the same diameter, formed out of 
rock crystal in the manner long ago described by M. Rocbon,^ 
so as to produce the greatest separation of the images, or what is 
still simpler, a prism of'calcareous spar having the refraction and 
dispersion as much as possible corrected by an opposite prism 
of glass, or of balsam of Tolu, or indurated Canada balsam. 
When the instrument is thus fitted up, the rays R S, polarised 
by re;flexion from the plates M iNT, or by transmission through 
them, are arranged into their complementary colours by the crys* 
^^ ^ r^ «, ^L ^ ^ Zc ^nu 
pencils by the double refraction of the prism B D, An eye, 
therefore, placed at n, will see two distinct images of the aper- 
ture 0, and the colour of the one image will be complementary 
to that of the other. These images will exhibit alternate va- 
riations of titit by turning round either the tube or the po- 
larizing plates M N. If the two images overlap, the parts 
that overlap will be white, in consequence of the combination 
of the two opposite colours. The object of using the lens n 
is to shorten the tube, but if we remove the eye-glass, the 
aperture o may be made of any size, and placed at any dis- 
tance from the eye. 

In Fig. 16 is represented another dichroscope which I have 

' A thin film of sulphate of lime is much better than any other mineral, as it re- 
quires no trouble to prepare it' Topaz is preferable to rock crystal, as the latter 
very often gives false tints, from a want of uniformity of structure. 

* Journal de Physique, 1801. Meuknre aur U Micrometre de Crystal de Roche* 
Paris, 1807. 
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constructed, and which is so vety simple that any person can 
make it for himself; MNOPi^B, tube about two inches long, 
attached to a ball and socket. The end M O of the tube carries 
an aperture of any form, and the ball CD contains two j^iftms 
of calcareous spar, separated by a thin film of sulphate of lime, 
so placed that each pair of the four images is tinged with the 
complementary colours, as described in a future chapter. A 
lens L is cemented either upon the anterior or posterior surface 
of the compound prism, or may be kept separate from the 
prism at Z, but whatever be its portion, it must always en« 
nable the eye at £ to see the aperture with perfect distinct- 
ness ; and the focal length of the lens must be so adapted to ^ 
the magnitude of the aperture, that the images of it can be 
sufficiently separated by the universal motion of the ball C D. 
The interior of the tube being covered with a black pigment, 
the instrument is ready for use. If we direct it to the sky, or 
to any luminous object, four brilliantly coloured images of the 
aperture will be distinctly seen, the colour of the two ipiddle 
images being complementaiy to that of the two extreme images. 
By moving the ball in the socket, the colours will constantly 
change, and the images will sometimes overlap, ajid sometimes 
separate, exhibiting the finest vaiiety of hues, and pleasing the 
eye by their combinations, and by the soft harmony of their 
contrasts.* 

If we use a perfect crystal of calcareous spar, with an in- 
terrupdng vein, as described in FkihsopMcai Transactions, 
1815^ p. 281, and in the Edinburgh Encyclopcedia, vol. xv, 
p. 611,' and substitute it in place of C X), we have a natural 
dichroscope of the most perfect kind. 

In the instrument where it is necessary to polarize the light 
by black glass, or japanned metal, there is no less than 4§ths 
of the incident pencil lost by reflexion, while in the preceding 
instrument the light lost by transmission is very small. From 
this cause, the brightness of the colours is incomparably greater, 
and they may even be distinctly seen in candle light, by di- 
recting the aperture to a piece of white paper held near the 
candle. 

^ The phenomena will admit of many beautifiil variations^ by using several films 
of sulphate of lime^ having their axes variously inclined to one another. 
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1£. Description of the Kaleidoscope. 

The term Kaleidoscope^ from *etx^, beavtifid^ i/Jef, a fyrm, 
and 01C6XW, to «^^, is the name of an instrument which I in- 
vented some years ago for the purpose of creating and exhi- 
biting an endless variety of beautiful forms. 

This instrument, in its simplest form, consists of two reflect- 
ing planes, made of glass or metal, from 5 to 10 or 12 inches 
long, and about an inch broad. When these reflectors are put 
together as in Plate X, Fig. 17, with two of their edges in con- 
tact, and their reflecting faces inclined at an angle of 60^^ or 
the sixth part of a circle, — when they are put in a tube, and 
when the eye is placed at J5, as near the angular point as 
possible, it will observe the opening A O B multiphed six times, 
and arranged round the centre O. 

If any object, however shapeless, is placed before the open- 
ing AOBj and near the ends of the reflectors, the eye at jE 
will observe in the two adjoining sectors an inverted image 
of this irregular object, apparently facing the direct image in 
AO B^ and the direct and inverted image will form an ob- 
ject perfectly symmetrical ; and these symmetrical images be^ 
ing multiplied by succes9ive reflexions, the whole circular 
space, composed of six sectors, ' will present to the eye the 
most perfect picture that can be conceived. 

If the objects placed in A O B are pieces of coloured glass, 
lying in a cell bounded by discs of glass, the pictures increase 
in beauty, and as the glass fragments change their position by 
the motion of the cell, a succession of the most perfect pic- 
tures will be displayed, which are literally infinite both in num- 
ber and variety. 

The objects which giv^ the finest outlines by inversion are 
those which have a curvilineal form, such as circles, ellipses, 
looped curves like the figure 8, curves like 3 and the letter S, 
spirals, and other forms. Glass, both spun and twisted, and 
of all colours and shades of colours, should be formed into 
the preceding shapes, and when these are mixed with pieces of 
flat coloured glass, blue vitriol, native sulphur, yellow orpi- 
ment, difierently-coloured fluids moving in small enclosed ves- 
sels of glass, &c., they will make the finest transparent objects 
for the kaleidoscope. A very fine effect is produced when only 
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two colours are used^ viz. those that harmonise with each other, 
such as red and green, blue and gold yelldw. Pieces of glass 
of these two colours may be mixed with twisted pieces of 
colourless glass with great effect. 

In the simple kaleidoscope the two reflectors may be fixed 
at a constant angle, so as to be an aliquot part of a circle, or 
360°, or they may be made to vary their inclination by va- 
rious simple contrivances. 

If the eye is raised above J5, or if the objects are placed at 
any distance from the ends of the reflectors, the symmetry of 
the picture and the uniformity of the light vanish, so that it is 
essentially necessary to the production of forms perfectly beau- 
tiful and symmetricalthat the eye be placed as near as possible 
to the angular point, and the objects as near as possible to the 
ends of the reflectors. 

The utility of the kaleidoscope may be greatly Telescopic 
extended by the addition of a lens, as in Fig. 18. Kaleidoscope. 
Without such an extension of its power, the kaleidoscope could 
only be regarded as an instrument of amusement ; but when 
it is made to embrace objects of all magnitudes, and at all dis- 
tances, it takes its place as a general philosophical instrument, 
and becomes of the greatest use in the fine, as well as the use- 
ful arts. 

In considering how this change might be effected, it oc- 
curred to me, that if ifef JV, Fig. 18, were a distant object, either 
opaque or transparent, it might be introduced into the picture 
by placing a lens, L L, at such a distance before the aperture 
^ O By that its image may be distinctly formed upon the plane 
passing through A OB, By submitting this idea to experi- 
ment, I found it to answer my most sanguine expectations. 
The image formed by the lens at AOB became a new object, 
as it were, and was multiplied and arranged by successive re- 
flexions^ in the very same manner as if the object M N had 
been reduced in the ratio of ML to L Ay and placed close to 
the aperture. 

In the compound kaleidoscope, thus constructed, the fur- 
niture of a room, books and papers lying on a table, pictures 
on the wall, a blazing fire, the moving branches and foliage 
of trees and shrubs, bunches of flowers, hordes and cattle in 
a park, carriages in motion, the currents of a river, moving 
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insects, and in short every object in nature, may be introduced 
by the aid of the lens into the figures created by the instru- 
ment. When the flames of a blazing fire constitute the object, 
the kaleidoscope creates from it the most magical fire-works, in 
which the currents of flame which compose the ]»cture may 
be turned into every possible direction. 

Th^ theory of this instrument ; the various forms of annular, 
parallel, and polycentric kaleidoscopes; its application to the 
magic lanthom and th^ solar microscope i and the mode of 
employing it in the fine and useful arts, have been explained at 
great length in my Treatise on the Kaleidoscope. 



CHAPTER XVII. 

ON THE METHOD OF FORMING THE LENSES ,AND SPECULA OF 
EEFBACTING AND REFLECTING TELESCOPES. 

SiicT. I. — On the Method of grinding and polishing Lenses. 

Having fixed upon the proper aperture and focal distance of 
the lens, take a piece of sheet copper, and strike a fine arch 
upon its surface, with a radius equal to the focal distance of the 
lens, if it is to be equally convex on bot:h sides, or with a radius 
equal to half that distance, if it is to be plano-convex, and let 
the length of this arch be a little greater than the ^ven aper- 
ture. Remove 'with a file that part of the copper which is 
without the circular arch, and a convex gage will be formed. 
Strike another arch with the same radius, and having removed 
that part of the copper which is within it, a concave gage will 
be obtained. Prepare two circular plates of brass, about ^"5 of 
an inch thick, and half an inch greater in diameter than the 
breadth of the lens, and solder them upon a cylinder of lead of 
the same diameter, and about an indi high. These tools are 
then to be fixed upon a turning-lathe, and one of them turned 
into a portion of a concave sphere, so as to suit the convex 
gage ; and the other into a portion of a convex sphere, so as to 
answer the concave gage. After the surfaces of the brass plates 
are turned as accurately as possible, they must be ground upon 
one another alternately, with flour emery ; and when the two 
surfaces exactly coincide, the grinding tools will be ready for 
use. 
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Procure a piece of glass of a straw colour, whose dispersive 
' power is as small as possible, if the lens is not for achn^uatic 
iostrume&ts, and whose surfaces are parallel ; and by means 
of a pair of large scizzars ix pincers, cut it into a circular 
shape, so that its diameter may be a little greater than the re- 
quired aperture of the lens. When the roughness is removed 
from its edges by a common grind-stone,^ it is to be fixed with 
black pitch to a wooden handle of a smaller diameter than the 
glass, and about an inch high, so that the centre of the handle 
may exactly coincide with the centre of the glass. 

The glass being thus prepared, it is .then to be ground with 
fine emery upon the cfmcaye tool if it is to be convex, and 
u^pon the convex tool if it is to be concave. To avoid circum- 
locution, we shall suppose that the leas is to be convex. The 
concave tool, therefc^e, which is to be used, must be firmly 
fixed to a table or bench, and the glass wrought upon it with 
circular strokes, eo that its centre may never go beyond the 
sedges of the tool. For every 6 circular strokes, the glass 
should receive S or 3 cross ones along the diametar.of the tool, 
and in different directions. When the ^ass has received its 
proper shape, and touches the tool in every point of its surface^ 
which may be easily known by inspection^ the emery is to be 
•washed away, and finer kinds^ successively substituted in its 
room, till by the same alternation of circular and transverse 
iitrokes, all the sca'atches and asperities are removed from its 
iScurface. After the finest emay has beeai used, the roughness 
w^hich remains may be taken away, an4 a slight polish super- 
induced by grinding the glass with pounded pumice-stone, in 
the sam^ manner as before. While the operation of grinding 
is going on, the convex tool should, at the end of every five 

1 When the focal distaDce of the lees is to be short, the surface of the piece of 
ffLass should be gtouod upon a common grindstone, «o 9s to suit -the gage as nearly 
as possible ; and the plates of brass, before they are soldered on the lead, should 
be hammered as truly as they can be done into their proper form. By this means 
much labour will be saved both in turning and grinding. 

s Emery of different degrees of Oneness may be made in the following manner :— . 
Take five or six dean vessels, and having filled one of them with water, put into it 
a. c^onsiderahle quantity of flour emery. Stir it well with a piec^ of wood, and when 
it has stood for 5 seconds, pour the water into the second vessel. After it has 
remained about 12 seconds, pour it out of this into a third vessel, and so on with 
the rest ; and at the bottom of each vessel will be found emery of different degrees 
of fineness, the coarsest being in the first vessel, and the finest in the last. 



ii 



340 OS THE METHOD OF FOKUIKO LENSES. CH. XVII. 

minutes, be wrought upon the concave one for a few seconds, 
in order to preserve the game curvature to the tools and the 
glass. When one side is finished off with the pumice-stone, 
the lens must be separated from its handle by inserting the 
edge of a knife between it and the pitch, and giving it a gentle 
stroke. The pitch which remains upon the glass may be re- 
moved by rubbing it with a little oil, or spirits of wine; and 
after the ground side of the glass is fixed upon the handle, the 
other surface is to be wrought and finished in the very same 
manner. 

When the glass is thus brought into its proper form, the 
next and the most difficult part of the operation is to give it 
a fine polish. The best, though not the simplest, way, of do- 
ing this, is to cover the concave tool with a layer of pitch, 
hardened by tlie addition of a little rosin, to the thickness of 
j'j of an inch. Then having taken a piece of thin writing 
paper, press it upon the surface of the pitch with the convex 
tool, and pull the paper quickly from die pitch before it has 
adhered to it; and if the surface of the. pitch is marked every 
where with the line^of the paper, it will be truly spherical, 
having coincided exactly with the surface of the convex tool. 
If any paper remains on the surface of the pitch, it may be 
removed by soap and water ; and if the marks of the paper 
should not appear on every part of it, the operation must be 
repeated till the polisher, or bed of pitch, is accurately spheri- 
cal. The glass is then to be wrought on the polisher by cir- 
cular and cross strokes, with the oxide of tin, called the flowers 
of putty in the shops, or with the red oxide of iron, otherwise 
called colcothar of vitriol, till it has received on both sides a 
complete polish,^ The polishing will advance slowly at first, 
but will proceed rajndly when the polisher becomes warm with 
friction. When it is nearly finished, no more putty or water 
should be put upon the polisher, which should be kept warm 
hy breathing upon it ; and if the glass moves with difficulty, 
from its adhesion to the tool, it should be quickly removed, 
lest it spoil the surface of the pitch. When any "particles erf 

^ As colcothar of wfWol ij obleioed by the decompOBidfln of sulphste of iiOD, it 
MHneumei retaim a poiljon of this salt. Wheii this portion of the sulphite of inm, 
Mr. Edward* remarkB, ia decomposed by dissolution in water, the jqIIow ochre which 
results penetrates the gU»s. forma an iccniaUdoD upon its suTTore, and gives it » 
Jull and yellowish tinge, which is communicated to the image which it forma. 
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dust or pitch insinxiate themselves between the glass and the 
polisher, which may be easily known from the very unpleasant 
manner of working, they should be carefully removed, by 
washing both the polisher and the glass, otherwise the lens will 
be scratched, and the bed of pitch materially injured. 

The. operation of polishing may also be performed by cover- 
ing the layer of pitch with a piece of cloth, and giving it a sphe- 
rical form by pressing it with the convex tool when the pitch 
is warm. The glass is wrought as formerly, upon the surface 
of the cloth, with putty or colcothar of vitriol, till a sufficient 
polish is induced. By this mode the operation is slower, and 
the polish less perfect ; though it is best fitted for those who 
have but little experience, and would therefore be apt to injure 
the figure of the lens by polishing it on a bed of pitch. 

In this manner the small lenses of simple and compound micro- 
scopes, the eye-glasses, and the object-glasses, of telescopes, are 
to be ground. In forming concave lenses, Mr. Imison (School of 
Arts^ part ii, p. 145) employs leaden wheels with the same radius 
as the curvature of the lens, and with their circumferences of the 
same convexity as the lens is to be concave. These spherical 
zones are fixed upon a turning lathe, and the lens, which is held 
steadily in the hand, is- ground upon them with emery, while 
they are revolving on the spindle of the lathe. In the same way 
convex lenses may be ground and polished, by fixing the con- 
cave tool upon the lathe ; but these methods, however simple 
and expeditious they may be, should never be adopted for 
forming the lenses of optical instruments where an accurate 
spherical figure is indispensable. It is by the hand alone that 
-we can perform with accuracy those circular and transverse 
strokes, the proper union of which is essendal to the produc- 
tion of a spherical surface. 

Sect. IL — On the Method of Castings Grinding^ cmdPdishing 

the S'pectda of Reflecting Telescopes. 
The specula of reflecting telescopes are generally composed 
of 32 parts of copper and 15 of grain tin, with the addition 
of two parts of arsenic, to render the composition more -white 
a,iid compact The Reverend Mr. Edwards found, from a 
variety of experiments, that if one part of brass and one of 
silver be added to the preceding composition, and only one 
part of arsenic used, a most excellent metal Avill be obtained, 
^vhich is the whitest, hardest, and most reflective that he ever 
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met with. The superiority of this cpmpositiony indeed, has 
been completely evinced by the excellence of Mr. Edwards'^s 
telescopes, which excel other reflectors in brightness and dis- 
tiDctness, and shew objects in their natural colours. But as 
metals of this composition are extremely difficult to cast, as 
well as to grind and polish, it will be better for those who are 
inexperienced in the art, to employ the composition first men- 
tioned. 

Method of After jthe flasks of sand^ are prepared, and a 
casting the mould made for the metal by means of a wooden 
™^ or metallic pattern, so that its face may be down- 

wards, and a few small holes left in the sand at its back, for 
the free egress of the included air ;«— *mdt the copper in a cru" 
cible by itself, and when it is reduced to a fluid statei, fuse the 
tin in a separate crucible, and mix it with the melted copper, 
by stirring them together with a wooden spatula. The proper 
quantity of powdered arsenic, wrapt up in a pece of paper^ 
is then to be added, the operator retaining his breath till its 
noxious fumes are completely dissipated ; and when the scoria 
is removed from the fluid mass^ it is to be poured out as quickly 
as possible into the flasks. As soon as the metal is become 
sohd, remove it from the sand into some hot ashes or coalst, 
for the purpose of annealing it, and let it remain among them 
till they are completely cold.- The ingate is then to be taken 
from the metal by means of a file, and the surface of the spe- 
culum must be ground upon a common grindstone, till all the 
imperfections and asperities are taken away. When Mr. Ed- 
wards^s composition is employed, the copper and tin should be 
melted according to the preceding directions, and, when mixed 
together^ should be poured into cold water, which will sepa- 
rate the mass into a number of smaU particles*. These small 
pieces of metal are then to be collected and put into the cru- 
cible, along with the silver and brass ; after they have been 
melted together in a separate crucible, the proper quantity of 
arsenic is to be added, and a little powdered rosin thrown into 
the fluid metal before it is poured into the flasks. 
-^ When the metal is cast, and prepared by the com- 

forming the uion grindstone for receiving its proper figure, the 
^'if ^" S^^^ ^^^ grinding tools are to be formed in the 
same manner as for convex lenses, with this differ- 

* The finest sand which I have met with in this country is to be found at Boi- 
burgh Castle, io the neighbourhood of Kelso. 
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enee only, that the radius of the gages must always be twice 
tlie focal length of the speculum. In addition to the convex 
and concave brass tools, which should be only a little broader 
than the metal itself, a convex elliptical tool of lead and tin 
should also be formed with the same radius, so that its trans- 
verse may be to its conjugate diameter as 10 to 9) the latter 
being exactly equal to the diameter of the metal. On tliis 
toql the speculum is to be ground with flour emery, in the 
same manner as lenses, with circular and cross strokes alter, 
nately, till its surface is freed from every imperfection, and 
ground to a spherical figure. It is then to be wrought with 
great circumspecUoh, on the convex brass tool, with emery of 
diflPerent degress of fineness, the concave tool being sometimes 
ground upon the convex one, to keep them all of the same ra- 
dium, and when every scratch and appearance of roughness is 
removed from its surface, it will be fit for receiving the final 
polish. Before the speculum is brought to the po- Bed of 
lisher, it has been the practice to smooth it on a bed honet. 
of hones, or a convex tool made of common blue hones, co- 
vered with a number of grooves, at right angles to each other, 
and about the 30th of an inch broad and deep. This ad- 
ditional too], indeed, is absolutely necessary when silver and 
brass enter into the composition of the metal, in order to re- 
move that roughness which will always remain after the finest 
emery has been used ; but wheil these metals are not ingre- 
dients in the speculum, there is no occasion for the bed of 
hones. Without the intervention of this tool, I have finished 
several specula, and given them as exquisite a lustre as they 
could possibly have received. Mr. Edwards does not use any 
brass tools in his process, but transfers the metal fVom the 
elliptical leaden tool to the bed of hbnes. By this means the 
operation is simplified, but we doubt much if it is in the least 
degree improved. As a bed of hones is more apt to change 
its form than a tool of brass, it is certainly of great conse- 
quence that the speculum should have as true a figure as pos- 
sible beforfe it is brought to the hones ; and we are persuaded, 
from experience, that this figure may be better communicated 
on a brass tool, which can always be kept at the same curva- 
ture by its corresponding tool, than on an elliptical bldck of 
lead. We are certain, however, that when the speculum is 
required to be of a determinate focal length, this length will 
be obtained more precisely with the brass tools than without 
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them. But Mr. Edwards has observed, that these tools are 
not only unnecessary, but " really detrimental.'^ That Mr. 
Edwards found them unnecessary, we cannot doubt, from the 
excellence of the specula which he formed without their assist- 
ance ; but it seems inconceivable how the brass tools can be in 
the least degr^ detrimental. If the mirror is ground upon twen- 
ty different tools before it is brought to the bed of hones, it will 
receive from the last of these tools a certidn figure, which.it 
would have received, even if it had not been ground on any of 
the rest ; and it cannot be questioned, that a metal wrougjit 
upon a pair of brass tools is equally, if not more, fit for the 
bed of hones, than if it had been ground merely on a tool of 
lead. 

When the metal is ready for polishing, the elliptical leaden 
tool is to be covered with black pitch,^ about ^q of an indi 
thick, and the polisher formed in the same way as in the case 
of lenses, either with the concave brass tool, or with the metal 
itself. The colcothar of vitriol should then be triturated be- 
tween two surfaces of glass, and a considerable quantity of it 
applied at first to the surface of the polisher. The speculum 
is then to be wrought in the usual way upon the polishing tool, 
till it has received a brilliant lustre, taking care to use no more 
of tlie colcothar, if it can be avoided, and x)nly a small addi- 
tional quantity of it, if it should be found necessary. When 
the metal moves stiffly on the polisher, and the colcothar as- 
sumes a dark muddy hue, the polish advances with great rapi- 
dity. The tool will then grow warm, and would probably 
stick to the speculum, if its motion were discontinued for a 
moment At this stage of the process, therefore, we must pro- 
ceed with great caution, breathing continually on the polisher, 
till the friction is so great as to retard the motion of the specu- 
lum. 'When this happens, the metal is to be slipped off the 
tool at one side, cleaned with soft leather, and placed in a tube 
for the purpose of trying its performance ; and if the polishing 
has been conducted with care, it will be found to have a true 
parabolic figure. 

In polishing the small speculum for his Newtonian reflectors. 
Sir. W. Herschel always employed two or more tools consider- 
ably larger than the speculum to be polished ; but he did not 

^ In summer, or when the pitch is soft, it should be hardened by the addition of 
a- little rosin ; and should always be strained through a piece of linen, in order to 
free it from impurities and rough particles. 
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use them till after the speculum was made nearly flat with emery 
upon a small tool of lead. These tools, or beds of hones, should 
not be less than six inches in diameter, and the figure of the 
tools is not considered as completed till the speculum can be 
first highly finished upon one of them, and afterwards be ap- 
plied to another, without experiencing any change of figure. 
The last half dozen strokes should be performed in the direc- 
tion of the larger axis of the ellipse. When the speculum is 
thus brought to a perfect figure, it must be polished upon a 
pitch polisher of a circular form, whose diameter is but one^ 
tenth greater than the transverse axis of the speculum. 



CHAPTER Xyill. 

ON THE PHENOMENA OF DOUBLE REFRACTION. 

In the different phenomena of refraction which have been de- 
scribed both in this and in the preceding volume, the rays of 
light were supposed to fall upon water or glass, or some sub- 
stance that had no external crystalline shape* In these cases, 
the r^y was refracted singly^ or was not divided into two rays, 
and consequently the images produced by such refractions 
were all single. 

It has been found, l^owever, that a great number of regular 
crystals, such as Iceland spar^ rvhy^ emerald^ zircon^ titanite, 
and rock crystal^ give two refracted rays when there is only 
one incident ray, or produce two images when there is only 
one object ; and they are therefore said to possess the property 
of double refrdction. 

In all crystals which possess this property, one of the rays 
or images is refracted according to the ordinary law of the 
sines, discovered by Snellius, and therefore the direction of this 
one ray or image, which is called the ordinary ray or the or^ 
dinary imaffe^ may be found by the rule in Vol. I, p. 156. 

The second ray or image is formed according to an entirely 
different rule, and is therefore called the extraordinary ray or 
image, 

Jin all doubly refracting crystals, there is one or more lines 
along which the double refraction, or the separation of the or- 
dinary and exti;aordiuacy images, is nothing, or vanishes, or 
along which these images perfectly coiqcide. This line is called 
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the am of the crystal^ ot the tucia cf double refraction. Those 
crystals which have one such axis are called crystals with one 
axis of double refractionj and those cr3r8tals which have two 
such axes are called crystals xvkh two axes of doutie refrac^ 
tion. \ 

Sect. I. — On Crystals with one Axis of Double Refraction* 
After examining a great variety of crystallized bodies, I 
succeeded in determining that all crystallized bodies which have 
the form of their primitive crystals, the obtuse rhomboid^ such 
as Iceland spar ; the acute rhomboid^ such as Ruby ; the regtt^ 
lar six-Mded prism, such as Emerald; the octohedron with a 
square base, such as Zircon ; the right prism with a square 
base, such as Titanite ; and the bipyramidal dodecaJkedron,' 
such as Rock crypto?,— have all one axis of double refraction, 
coincident with the crystallographic axes of these different solids. 
In Iceland spar, for example, the axis of double refraction 
is the short diagonal, which joins the two obtuse solid angles 
of the rhomboid. In Ruby it is the long diagonal, which joins 
the acute summits of the rhomboid ; and so on with the rest. 

Let us now suppose that each of the crystals above named 
is shaped into a sphere, ABCD, Plate XI, Figs. 1, 2, and 
that AB is the axis of the crystal, and consequently the axis 
of double refraction. Then, if a ray of light is incident in the 
direction A B or B A, it will not be divided, or there will be 
no double refraction. If the incident ray is a little inclined 
to A B, it will be divided into two rays, and the separation of 
the two rays, or the quantity of double refraction, will gra- 
dually increase as the inclination of the ray to the axis A B 
increases ; and when the ray comes into the direction C D &t 
right angles to A B, the double refraction is a maximum, or 
the greatest possible. If .we now measure this refraction at 
different inclinations, and determine its index (See Vol. I, 
p. 157, note 4), as well as the index of the ordinary refrac- 
tion, we shall find that in some crystals the extraordinary re- 
fraction increases from A and B to C and D, while in ojthers it 
diminishes. It becomes necessary, therefore, to divide crystals 
with one axis into two classes, Positive and Negative,^ as in the 
following Table, deduced principally from my observations. 

^ M. Biot, who first observed this diffeience in two or three crystals, calls them 
AUractivfi and Repulnvcy names which involve a hypothesis. 
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Negative Crystals^ with One Axis. 

Carbonate of litne. Idocrase. 
Carbonate of lime and magne- Wernerite. 

sia. Mica from Kariat. 

Carbonate of lime and iron. Phosphate of lead. 

Tourmaline. Fhosphato-arseniat^ of lead. 

Rubellite. Hydrate of strontites. 

Corundum. Arseniate of potash. 

Sapphire. Muriate of lime. 

Ruby. Muriate of strontian. 

Emerald. Nitrate of soda. 

Beryl. Subphosphate of potash. 

Phosphate of lime. Sulphate of nickel, and copper. 

Positive Crystals J with One Axis. 

Zircon. Dioptase. 

Quartz. Apophyllite. 

Oxide of tin. Sulphate of potash and iron. • 

Tuiigstate of lime. Super-acetate of copper & lime« 

Titanite^ Hydrate of magnesia. 

Boracite. Ice. 

Let us now suppose that in the Positive crystals the maximum 

index of extraordinary refraction is to the minimum index, or 

1 1 1 . 

that of ordinary refraction, as -— — is to -— ~- or -pr^X^^S'^^)* 

Oc O C U A 

and in Negative crystals that the minimum index of extraordi- 
nary refraction is to the maximum index, or that of ordinary 

111 
refraction, as ~ — is to -—^ or —-j (Fig. 17) ; then, if AB 

is the axis of a spheroid of revolution, and c d its equatorial 
diameter, the index of extraordinary refraction, at any point a 

of the solid, will be— — . 

Oa 

The following are the maximum and minimum indices of re- 
fraction for two crystals of the Negative and Positive class : — 

Iceland spar,...Ord. 1.6543^ 

Ext. 1. 4833 f According to the bbs^r- 
Rock crystal, . . .Ext. 1 .5582 ( vations of Mains. 

Ord. 1.5494/ 
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Sj2CT. II. — On Crystals with two Axes of Double Refraction. 

Those eminent philosophers who had hitherto written on 
, double refraction considered the law above described (which 
has always been regarded as the finest discovery of Huygens), 
as the universal law of double refraction. In the year 1816, 
however, I discovered that by far the greatest number of crys- 
tals possessed two axes of double refraction, and I succeeded in 
determining the law by which all the phenomena could be ac- 
curately calculated. 

After examining an immense number of such crystals, I as- 
certained that all regular crystals which belong to the prismatic 
system of Mohs, or whose primitive forms are the RigfU prism, 
with its base a rectangle, a rhomb, or an oblique parallelogram ; 
the Oblique prism, with its base a rectangle, a rhomb, or an 
oblique parallelogram; or the Rectangular and Rhomboidai 
Octohedron, have tzvo rectangular axes of double refraction, 
coincident with some permanent line in the primitive form. 

Thus, in Fig. 3, if AB, D E, be two rectangular axes of 
different intensities, then the action of these axes will be such 
that there will be two apparent axes passing through P jp, 
along which the double refraction is nothing. The angular 
distance between P and P" will diminish as the difference be- 
tween the intensities of the two axes diminishes ; and when the 
difference vanishes, P and P' will coincide at O, and there 
will be only one apparent axis of double refraction passing 
through O. 

It would be unprofitable in a popular work to attempt to 
explain the mode in which the double refraction at any point of 
the sphere may be determined by combining the separate ac- 
tions of the two axes A B, D E, but the general law will be 
made apparent in the next Chapter, on the Polarisation of 
Light. 

Before concluding this Chapter, it may be proper to mention 
that all those crystals whose primitive form is the Cvhe, the Re- 
gular OctohedroUy and the Rhomboidai Dodecahedron, have a 
double refraction, or, as I have endeavoured elsewhere to 
prove, they have three equal rectangular axes of double refrac- 
4:ion, which are in equilibrio at every point of the sphere. 
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CHAPTER XIX. 

ON THE POLAEISATION OF LIGHT. 

In the preceding chapter, we have considered merely the sepa- 
ration of the two images as the characteristic of double refrac- 
tion ; but this property of bodies 'is invariably accompanied 
with another no less remarkable, namely, the polarisatian of 
the light of which the two pencils are composed. 

The word polarisation is employed to denote a property 
which may be communicated to ordinary light, and in virtue 
of which it exhibits the appearance of having polarity or poles 
possessing diiferent properties. 

The discovery of the polarisation of light in doubly refract- 
ing crystals, was made by the celebrated Huygens. 

Having taken two pieces of Iceland crystal, he fovmd that 
if all the sides oC the one piece wefre parallel to those of the 
other, as in Plate XI, Fig. \ the two pencils, B Cy B D, ^ 
formed by the double refraction of the ray A By were not doubly 
refracted in passing through the second crystal in the lines E jF, 
- GH; the pencil D G, which had been regularly or usuaUy 
refr^acted by the first crystal, being now only regularly re- 
fracted by the second, while the pencil C -E, which had been 
extraordinarily ov umisually refrdLQiei. by the first, was only 
extracyrdinarily refracted by the s&ond. The same result took 
place in all other positions, where the principal sections^ of the 
two crystals were in the same plane> and whether the two sur- 
faces were parallel or not. " Now, it is wonderful,'' says Huy- 
gens, " why the rays C E and D G, incident from f he air^ upon . , 
the lower crystal, should not divide themselves like the first 
ray A B. One would say that the ray D G, in passing through 
the upper crystal, must have lost what was required to move 
the matter which served for the extraordinary refraction ; and, 
in like manner, that C E had lost what was necessary to move 
the matter which served for the ordinary refraction. There is, 
however, another fact which overturns this reasoning, which is, 

* The principal section of a crystal is any plane passing through the axis A B, 
Plate XI, Fig. 1,2. 
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that when we arrange the two crystals, so that the planes which 
form the principal sections cut one another at right angles ; 
then, whether the surfaces are parallel or not, the rayDG^ 
which proceeds from the ordmary refraction^ suffers mdy the 
extraordinary refraction in the lower crystal^ and the ray C E 
which proceeds fro^ the extraordinary refraction^ suffers only 
the ordinary refraction. But in all the odier positions, infinite 
in number, besides those whidi I have determined, the rays 
2) G, C Ej divided themselves into two by the refraction of the 
lower crystal, so that from the single pencil A B there are 
formed four pencils, sometimes of equal brightness, and some- 
times of di£Perent brightnesses, according to the different posi- 
tions of the crystals, but which do not seem to have mxxe light 
when taken altogether than the single ray A B^ 

From these facts Sir Isaac Newton concluded, that every ray 
may be considered as having Jour sides or quarters^ two of 
which, opposite to one another, incline the ray to be refracted 
after the usual manner, as often as either of them s^re turned 
towards the coast or side of double refraction, and the other 
two, whenever either of them are toward the coast of unusual 
refraction, do not incline it to be otherwise refracted than after 
the usual manner. The two first may therefore be called the 
^ides of iinusual refraction, ^d every ray <^ light may be con- 
sidered as having two opposite sides originally endowed with a 
pixyperty on which the imusual refraction depends, and the 
other two opposite sides not endowed with that property. 

It is obvious from these facts, that the difference between Di- 
rect light and light that is Polarised by the actum of a crystal, 
is, that theybrm^ may always be divided into two pendls by a 
doubly refracting crystal, whereas, in the Ux^ter, thisdiviaon 
depends oa the angle formed by the principal sections of the 
two crystals. 

The effects above described may be produced by combining 
any two positive, or any two negative crystals ; but if the one 
ispositivey and the other 9iegaiivey then the same effects are 
produced when the principal sections are at' right angles, as 
wh^i they are parallel in the other cases, and vice versa. 

Sect. I. — On the Polarisation of Light by Refkximi. 

Not a single fact was added to our knowledge of tlie polari- 
sation of light from the time of Huygens till the year 1810, 
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itrhen Malus ipade the important discovery that when a Tay of 
light is reflected at a particular angle from the surfaces of trans- 
parent bodies, whether solid <»: fluid, it is polarised like one of 
the pencils fornmd by doubly refracting crystals. 

Let a ray of light R S (Fig. 6), proceed from the sun or the 
sky, and fall upon a piece of plate glass A B^ at an angle RS P 
of incidence of about 64° 35'. If the reflected ray *? T is re- 
ceived upon the first surface of a rhomb of Iceland spar, it 
will not be divided into two pencils, either when the principal 
section of the rhomb is parallel to the plane of reflexion R S T^ 
or when it is perpendicular to this plane ; but in every inter- 
mediate position of the rhomb, the pencil S T will be divided 
into two, exactly as if it had been one of the pencils formed by 
another rhomb of Iceland spar. 

In order to analyse this remarkable fact, Malus placed the 
principal section of a crystal of calcareous spar in a vertical di- 
rection, and having divided by it a ray of direct light into two 
pencils, he allowed these two pencils to fall upon the surface of 
Water at an angle of 52° 45', the angle at which he had found 
Water to polarise the incident light. The ordinary ray was re^ 
fracted at the surface of the water, and part of it reflected like 
all other light ; but the extraordinary ray penetrated the wa- 
ter entirely ; not one of its particles escaped refraction^ and 
none of them stiffered r^anon. When the principal section 
of the crystal, however, was perpendicular to the plane of 
incidence, the extraordinary ray prAj produced a partial re- 
flexion, and the ordhmry ray penetrated the water entirely, 
without suffering any reflexion. 

Wh^n the ray of direct light R A, Fig. 6, fell upon the first 
surface M N of a. plate of glass, M N P Q, and was polarised 
after reflexion in the direction A 2>, Malus observed that the 
refracted portion A C reflected at C from the second surface, 
and emerging at M in the direction A D, parallel to AC Oy 
was also polarised simultaneously with A J5, although the angle 
was much less than BAB, the sine of the first angle being 
to the sine of the second as the sine of incidence is to that of 
refraction. Hence it follows, that a plate of glass, or any other 
transparent substance, polarises simultaneously the light that 
falls upon both its surfaces, when it is incident on the first at 
the proper angle, and it may therefore be substituted in place 
of a surface of water in idl experiments of this kind. 
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£fieetsof dif. Malus found that black marble^ ebony^ and other 
ferent bodies, opaque bodies, polarised light by reflexion like tran- 
sparent ones. He found that the angle of inddence at which 
this property was communicated was greater in bodies of a 
high refractive power; and he measured, with considerable 
accuracy, the polarising angles of glass, water, and other bo- 
dies. In order to discover the law which regulated the pheno- 
mena, he compared these angles with the dispersive powers \c>f 
glass and water, and finding that there was no relation between 
these properties of transparent bodies, he draws the following 
general conclusion : '^ The polarising angle neither follows the 
order of the refractive powers nor that of the dispersive forces. 
It is a property of bodies independent of the other modes of 
action which they exercise upon light.'' 

In order to determine the manner in which a polarised ray 
is reflected from a plate of glass, having a rotatory motion 
round the polarised ray, and forming with it a constant angle, 
let S Ty Fig. 5, be the ray polarised by reflexion from 
A B, the incident ray R S being supposed^ for the sake of 
illustration, to proceed from the sun when due souths and let 
it be received upon a second plate C D, so that the angle of 
reflexion from CjD, viz. F T V, may be always equal to the 
angle of reflexion from A jB, viz. P S T, and let us suppose 
that the plate C D revolves round the ray S Ty preserving its 
inclination to it invariable. Then, in the case represented in 
the figure, where the second plate CD faces the south, and 
causes the plane of the second reflexion from C D to he pa- 
rallel to the plane of the first reflexion from A B, the ray 
S T will sufier partial reflexion in the direction T F, as if it 
had been common light. If the plate is now turned round 
S T m different azimuths, so that its face h^ns to turn to 
the east^ the intensity of the reflected pencil T V will gra- 
dually diminish ; and when it has performed a revolution of 
90% or has its face turned towards the easty the pencil T V will 
disappear entirely , not a single ray of U suffering partial re^ 
JUjoion, in which case the plane of reflexion from C D'v& at 
right angles to the plane of reflexion from A B. By conti- 
nuing to turn the plate, the ray T V will re-appear, and will 
gradually increase in intensity till the plate has turned round 
180** from the beginning of its motion, in which case the 
plane of reflexion from C D will be again parallel to the 
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plane of reflexion from A B^ and the reflected ray T V will 
then^ be a maximum, as it was at the commencement of its mo- 
tion. By continuing to turn the plate, the reflected ray will 
cLgain dAsappear at an azimuth of S70°, and will regain its 
maximum upon returning to 360°, or 0°, the point from which 
it set out. The ray of light S T is said to be polarised in the 
plane P ST. 

If, in the azimuth of 90% when the ray T V entirely dis- 
appears, we breathe upon the plate A B or C D^ so as to com- 
municate to either a thin film of aqueous vapour capable of re- 
flecting light, the ray T V will be revived. This effect arises 
from the polarising angle for water being 52° 46', whereas it 
is 56° 45' for glass. 

It A B is made to receive the ray of a candle R S, at an 
angle of 52° 45', and C D the ray aS T at an angle of 56° 45', 
then it is obvious that the image of a candle will be seen in 
the direction V T, because the ray S Tis not polarised by the 
plate A B. If we now, however, breathe upon A i9, the image 
of the candle seen along V T will disappear, because the ray 
S T being reflected from water is now polarised. Hence, if 
we place beside one another two sets of reflectors arranged as 
above described, we may, by breathing upon the two conti- 
guous ones, exhibit the paradoxical effect of reviving and 
extinguishing the rays by the same breath. See Edin. Phil. 
Journal^ vol. vii, p. 146, 

While repeating the experiments of Malus in the 
summer of 1811, I measured the polarising angles p^iansadoa 
of a great number of transparent bodies, and in o^MS^t^y 

1813 and 1814 I endeavoured to connect them by 

some general principle. The measures for Water and the j!?r^^ 
doiLS stones afforded a surprising coincidence between the cube 
roots of the indices of refraction and those of the tangents of 
the polarising angles, but the results for glass resisted every 
method of classification. Having afterwards found, however, 
that glass often acquires by exposure to the air an incrustation, 
or experiences a decomposition, which alters its superficial ac- 
tion upon light, and consequently its polarising angle, without 
altering its refractive power, I neglected it altogether, and em- 
ployed only the surfaces of other bodies. In this way I ob- 
tained the results in the following Table, and in November 

1814 was enabled to simplify the law of the tangents, as stated 
in the following page. 

VOL. ir. A a 
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Tabie coniaimnff the ' CalculcUed and Observed Palarising' 

Angksfor various Bodies* 



Names of the Bodies. 



Calculated po 

larising angles 

for ihejirst 

siufsoe. 



Observed po- 
larising angles 
for the^r«/ 
surfhee. 



Diflbrenee 
between the 

calculated 

and observed 

angles. 



Calculated 
polarising 
angles fbr 
the second 
sattaee. 



Air»« 

Watec* 

Fluor spar, 

ObddJan^ 

Birdlime, 

Sulphate of lime,.... 

Rotk eryatalv 

Hydiate of magnesia. 
Sulphate of barytes... 
OpaVMloufcd ^a8i»... 

Topaz,., 

Mother of pead, 

Icdaod spar, 

Orange-coloured glass, 

SpineDe ruby 

Zircon............ 

Glass of antimony,.... 

Sulphur, 

Diamood, 

Chromate of lead, 



45 33 

63 11 

55 9 

56 6 
56 40 
56 45 
66 68 



58 44 
68 33 

58 34 
58 50 

58 51 

59 28 

60 25 

63 

64 30 
63 45 
68 1 
68 3 























46 or 47 
53<» 6' 

54 50 
56 3 

56 46 

56 28 

57 22 

57 25 

58 29 
58 1 
58 40 
58 47 

58 23 

59 12 

60 16 

63 8 

64 45 
64 10 
68 2 
67 42 



21 — 
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14 59 28 

36«> 49' 

34 5! 

33 54 

33 20 

33 15 

33 2 

31 16 

31 27 

31 26 

31 16 

31 9 

30 32 

26 35 

27 

25 30 

26 15 
21 59 
21 56 



From the observations contained in the preceding Table, it ' 
fcdlows, that a ray of white light will be cwnpletely polarised 
bj a single reflexion from transparent bodies of all kinds, or 
the quantity of polarised light in it will be a maximum wh«i 
the reflexion is made at such an angle that the Tangent of the 
anffle of incidence is equal to the Indea: of refraction. 

The results obtained from this general law are given in 
column 2d of the preceding table, and the accuracy with which 
it represents the experiments will be seen by the differences in 
the 4th column. 

If we suppose MN (Fig. 7), to be the reflecting surface, 
and B A a ray of light polarised by reflexion in the direction 
A Bf A C the refracted ray, and E S perpendicular to the 

' This obeerration on Air was made by M.^ Ango, irfao commuiiicated k to me 
in August 181 4» as ^hDee» 45'' and 47** and of wbich a written memorandum was 
taken in his presence. M* Blot, in his Trcdte de Pkyaiqw^ tarn, iv, p. 289, has 
omitted entirely the 47**, which we trust he wUI replace in the next edition of his 
work. 
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stitfiice at the point of incidence Jj then it follows, from the 
above law^ 

1. That the sum of the angles of incidence and refraction is 
always a right angk^ when the reflected ray is completely po- 
larised ; that isj the angles B A E^ and C A K, are together 
equal to 90**. 

2. That the complement of the pdarising cmgle is always 
equud to the angle of refraction^ or D AM v& equal to C A K. 
And 

3. .That when the reflected ray is completely polarised, the 
reflected ray forms a right angle with the refracted ray^ or 
1> J C is equal to 90^. 

When the light is incident on the second surface P Q of a 
transparent body M N Q,P^ as at AC (Fig. 6), the reflected 
ray C M i% completely polarised when the co-tangent of the 
angle of incidence is equal to the index of refraction, as will 
appear from the last column in the table ; and in this case th^ 
angle of polarisation at the second surface, or M C O, is the 
complement of the angle of polarisation D A P at the first 
surface. In this case, also, the polarised ray CM forms a 
light angle with the refracted ray C F. 

The laws/ of polarisation now explained are equally appli- 
cable to the separating surfaces of two media having difierent 
indices of refr«;tion, and are likewise true for the differently 
refrangible rays of the prismatic spectrum. 'For a full ac- 
count^ however, of these subjects, the reader is referred to the 
Phil, Trans. 1816, p. 60, or to the Edinburgh Encyclopedia, 
vol. XV, p. 680-585. 

Sect. II. — On the Polarisation of Light by Refraction. 
Although the polarisation of light by refraction had escaped 
the notice of Malus in his early experiments, yet he was led, 
in the prosecution of them, to the discovery of this curious 
fact in the year 1811. Some time after this, M. Biot made 
the same discovery ; and, in the summer of 1813, ignorant of 
what had been done abroad, I discovered the same fact, and 
succeeded in determining also the law of the phenomena. 
Malus and I were led to the discovery of this property by 
entirely different methods. He first observed it, during an exa- 
mination of the light transmitted by uncrystallized plates, and 
it presented itself to me by noticing the polarisation in one 
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phme of the light transmitted by a piece of mica, whose la- 
minae must have been jiartially detached, the mica having ab- 
sorbed or reflected all the light of one of its images. From 
this remarkable fact, I was led to try a number of thin plates 
of glass, which I found to polarise the transmitted light in one 
plane, exactly like the piece of mica. 

Mslui'gex- In order to explain this prpperty of light, let 
fhf " krisT" ^ ^ (^* 7) be the ray incident at the polariang 
tioDofUgbt angle, and AD the pencil polarised by reflexion; 
by iransmis- ^.j^^j^ ^j^g refracted pencil A C will contain a portion 

Plate XI. °^ '^8^^ polarised in an opposite manner to A D. 
F"g« 7, 8. li AC falls upon a second refracting surface, aiir- 
other portion of it will be polarised by reflexion from that sur- 
face, and a similar portion by refraction, so that th^ transmitted 
ray will now contiun a greater quantity of polarised light. In 
like manner, by transmitting the light A through a bundle or 
pile of glass plates, such as A B C D (Fig. 8), the transmitted 
ray will always contain more and more polarised light, till the 
resulting pencil jB' jB is wholly polarised in one plane. 

If the ray S T, instead of being polarised by the plate A B, 
(Plate XI, Fig. 5) is pol^sed by a bundle of glass plates, pa- 
rallel, to A j8, and acting upon a ray R S transmitted through 
them, it will be found, that before it is received upon the se- 
cond plate C D, it will entirely penetrate the plate in the azi- 
muths 0"" and 180% and will be reflected like common light in the 
azimuths 90° and 2^0% which is exacdy the reverse of what took 
place when the ray S T \f as polarised by reflexion from A B. 

The operation of bundles of glass plates will be still more 
strikingly seen by referring to Fig. 9, where ^ J3 is a bundle 
of glass plates, receiving the incident ray RS at the polarising 
angle, so as to polarise the transmitted ray S T. Then, if a 
second and similar bundle C D receives the polarised ray S Ty 
so that the plane of refraction in CD is parallel to the plane 
of refraction in A B^ — in this case the light will be wholly 
transmitted through the second bundle C J9, as the ray S T 
falls upon the reflecting planes of C Z), under the same cir- 
cumstances as it did in Fig. 8, when no light was reflected. 
The same efiect will be produced at an azimuth of 180°, by 
turning the bundle C D round the ray S T^ so as to preserve 
the same inclination to it. At the azimuths of 90° and 270°, 
on the contrary, it will be wholly reflected at its various inci- 
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dences upon the plates, and not a single ray will be transmitted 
through the bundle. , 

From the various observations made by Malus, he deduces 
the following general conclusion : — 

** When a ray of light falls upon a plate of glass at an angle 
of 35° 25', all the light which it reflects is polarised in one di- 
rection (or plcme). The light which traverses the glass is com- 
posed, \8tj of a quantity of light polarised in a direction (or 
plane) opposite to that which is reflected, and proportional to 
it ; and, ^dly, of another portion not modified, and which pre* 
serves the character of direct ItghtT* 

In my paper on the polarisation of light by oblique trans- 
mission {PML Tra/ns. 1814), I have given an account of ex- 
periments analogous to those of Malus, arid I observed the 
same phenomena with the thinnest films ofglasSy with the ele- 
mentary ^m.5 ofmica^ with thick ^2a^^^ of mica^ with folds of 
g6ldJ)eater^ sTcm, and with the films of gold leaf 

In order to determine the law of the, phenomena, as depend- 
ing on the number of refracting plates, and the angle of inci- 
dence, I made numerous experiments, and obtained the follow, 
ing results : — 

1; That the number of plates which polarise a maximum of 
light by transmission at difierent angles of incidence, are to one 
another as the co-tangents of the angles of incidence. 

£. That when a pencil of light is incident at any angle ex. 
cept a right angle, upon the surface of a transparent body, a 
certain portion of the transmitted light is completely polarised, 
while the remaining portion has suffered a physical change, ap- 
proaching more or less to that of complete polarisation.^ 



3 It appears from experiment, that 24 plates aie necessary to polarise completely 
a given pencil of light, at an. angle of 6I<» ; consequently 12 plates will not polarise 
the whole pencil at the same angle. Let us now suppose that the portion not po- 
larised hy the 12 plates amounts to 20 rays out of 100 ; then, if these 20 rays were 
ixbacltttdy unpdariaed, ajid in the aame state aa direct ligktf they would require to 
pass through 24 plates at an angle of 61°, in order to be completely polarised. But 
the experiments prove that they require to pass only through other 12 plates at that 
angle in order to be completely polarised. It therefore follows, that the 20 rays 
have been half polarised by the first 12 plates, and the polarisation completed by 
tlie other 12. Hence arises the mistake of Malus (which is repeated by Biot), who 
observes, that the light transmitted obliquely through glass consists, 1st, .of a quan- 
tity of polarised light ; and, 2d, of another portiony not modified, and which pre-' 
jtervea the characters qftUrect light. 
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3. That if a pencil of light is parOy polarised by transmis- 
sion at any angle, it will be more and more polarised at eveiy 
successive transmission in the same plane till its polarisation is 
complete, whether the transmissions are made at angles all 
above or all below the polarising angle, or at angles, some of 
which are above and some below the polarimng angle. 

4. That when a pencil of light is transmitted through one 
or more parallel plates of the saipe refractive power, the quan« 
tity of tight polarised by transmission will be a maKimum when 
the tangent of the angle of incidence is equal tp the index of 
refraction. 

Sect. III. — On the Colours produced by Transmitting PcHaT* 
ised Light through thin CrystaUized PUUeSy or near the re* 
suitant axes ^Doubly Refracting Crystals, 

In the year 1811 the colours of thin crystallized plates were 
discovered by M. Arago, and the same discovery was made by 
me, and communicated in 181^ to the Royal Society of Edin- 
burgh, before any person in this country had any knowledge 
of what had been done in France. But though the general 
fact which we discovered was the same, yet I was led, by a 
peculiar mode of observation, to examine the phenomena seen 
along the real and the resultant axes of crystals, and was thus 
conducted to the discovery of the Single and Double Systems of 
Coloured Rings, which had escaped the observation of others, 
and which have led to the general laws of polarisation and 
double refraction. 

Before we begin to explain this class of phenomena, we shall 
describe the method by which they may be most easily observed. 

Let R *y, Fig. 10, be a ray of direct light, from the sky or 
from a candle, and S T the pencil polarised by reflexion from 
the plate of glass A B ; tbeuji as we have before seen, the ray 
S T will not suffer reflexion, if it is incident at the polarising 
angle upon a second plate C i>, provided the plane of the se- 
cond reflexion is at right angles to that of the first. Let the 
two plates of glass, therefore, be capable of being fixed in this 
position, so that the light is reflected in the (Urection TF, 
which will be known by the appearance of an undefined dark 
spot on the image of the part of the sky which is reflected 
from A B. The plate A B may be called the polarising platCf 
and C D the analyzing plate. 
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If we now take a thin plate of sulphate of Ume or gypawn^ 
such as ef sliced from a crystal by means of a lancet or pen* 
knife, and expose it to polarised light by holding it in the re- 
flected ray S T, it will be found, by turning it round in a plane 
perpendicular to aJT, and looking into the plate CD^ in the 
direction V T, that there are four positions, distant 90"* from 
each other, viz. 0°, 90% 180% and 270**, where no change is 
produced ; while at every intermediate position the surface of 
the plate of sulphate of lime will appear covered with a bril* 
Kant colour, suppose red. The intensity of this colour is a 
maximum at the points 45% 135% 225% 315% and it disappears 
entirely at XT, 90^, 180°, and 270^. 

Let the analyzing plate be now gradually turned from the 
position in Fig. 10, in the azimuth of 90% to the azimuth of 
0°, which we shall call the zero of the circle in which it re- 
volves round the polarised ray S T, the plate of sulphate of 
lime ef remaining fixed in the azimuth of 45% so as to give 
the brightest red ; then by looking into the analyzing plate 
Q D, it will be seen that the red gradually becomes fainter and 
fainter, till C D comes into the azimuth of 45% when no cou 
lour whatever appears. Beyond this point, or 45% a faint 
green wppesr^ which gradually becomes more and more in« 
tense, and reaches its maximum at 90^ From 90° the green 
becomes paler, till it entirely disappears at the azimuth of 135% 
when the red again commences, and reaches its maximum of 
brilliancy at 180^. The very same changes are repeated from 
180° to 360°, or 0° 

From these simple facts, it is manifest that the plate ef 
transmits two sets of differently coloured rays, vie. red and 
green^ which are the Extraordinary and the Ordinary, which 
we shall call E and O, and which are always complementary to 
each other, or together make white light. Its colour is always 
red when the analyzing plate CD is in the azimuth of 90^ 
and £70% and always green when CD is in the azimuth of W 
andl80^ 

Now, as none of the green rays O are reflected in the 
azimuth of 90% it is quite clear that they are polarised in 
the same manner, or in the same direction or plane, as the ray 
of white light S T, none of which is reflected from C D in 
that azimuth ; jtliat is, the green rays O preserve their primiiive 
polarisation, or are not acted upon by the plate ef. In like, 
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planner, it is manifest, that as the red rays E are reflected, 
they must have a polarisadon diiferent from that o( S T, os 
these rays must have been depolarised^ or have had their poiar^ 
isaiion altered by the plate ef. When ef was in the azimuth 
of 45°, the red rays were most copiously reflected when C D 
was in the az'unuth of 90° and 180% and not reflected at all in 
the azimuth of 0° and 270°. Hence they must in this case 
have been polarised in a plane at right angles to the polari- 
sation of S Tf that is, their polarisation must have sufi^ered 
a change of 90^ = 2x45° =2a> calling a the azimuth of the 
plate ef* 

In order to determine if the change of polarisation in the 
tint E is equal to 2 a in every other azimuth, let the plate C I), 
or the plane of reflexion from it, be placed in an azimuth 
equal to a, the azimuth of the crystalline plate ; then if the 
pencil E is polarised in the azimuth 2 a, the plane of reflexion 
from the plate C D will form equal angles, viz. a with the 
plane RS Pj m which the pencil is polarised, and the new 
plane in which E is supposed to be polarised, and consequently 
it will reflect an equal portion of these two kinds of rays, that 
is, of the red and green, so tliat the resulting pencil will be 
white. By making this experiment at all azimuths, or for all 
values of a, M. Biot found this to be the case. 

In the preceding illustrations we have supposed the polarised 
light, after it has been acted upon by the sulphate of lime ej^ 
to be analysed into its two colours by means of a reflecting sur- 
face C 2>. The same eflect may be produced by a prism of Ice- 
land spar, or any other doubly refracting crystal, where the two 
images are distinctly separated. When the principal section of 
Iceland spar is in tlie plane R S T, and the plate ef in the 
azimuths of 45% 135®, 225% and SIS'*, the extraordinary image 
formed by the spar will exhibit the red tint, while the ordinary 
image will exhibit the complementary green. The light may 
also be analysed by transmitting it through a bundle of glass 
plates, as in Plate XI, Figs. 8 and 9; or by a singly polarising 
crystal, such as Agate or Tourmalme, or the artificial crystals 
described in Sect. VII, page 367- 

In order to see the surface of the plate ef the distance of 
tlie eye from it, or V T + T ^, must be equal to 7 or 8 inches ; 
but if the eye is armed with a magnifying-glass, ej^ may be 
brought nearer to T, till F r+ Te is equal to the focal dis- 
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tance of the lens. In this case the surface of the plate ef will 
be magnified. In order to see minute structures, sucli as that 
of ApophyUiUy &c. (see p. 377) the application of a lens is ne- 
cessary; but in tliis case the analysing plate CD should be 
very small, in order to admit ef on one side near the point of 
reflection T, and the eye on the other ade, so that V T + T e 
may not exceed an inch or half an inch. In such cases, how- 
ever, it will be found advantageous to use an agate or a tour- 
maline microscope, which may consist of a thin plate of either, 
cemented to the flat side of a plano-<x)nvex lens. 

Sect. IV. — On the Syjstem of Rings produced by Crystals with 
one AaAs of Polarisation and Double Refraction, 

If we take either a positive or a negative crystal, having one 
axis of double refraction, and hold it at ef Fig. 10, so that 
the polarised ray S T passes through the axis of double re- 
fraction, and then placing the eye as near D as possible, so 
as to receive the reflected ray T F, and brining the crystal 
near to C, and as near the eye as possible, a beautiful system 
of coloured rings will be seen along the axis of double refirac- 
tion, as shewn iti Fig. 11. In order to see these rings to great 
advantage, the light R S must be a broad luminous surface, 
such as that of the sky seen through a window, •r the sur- 
face of a ground glass globe, illuminated by a lamp. These 
rings are intersected with a black cross A B C Dy through tjjie 
centre of which, O, passes the axis of double refraction. The 
following are the colours of the rings, reckoning from the centre 
O, with the values of the tints, as given by Newton, for the 
analogous colours of thin plates of glass, or any body whose 
index of refraction is 1.55. The numbers are millionths of 
an inch, and shew that similar colours would be produced by 
films of glass, &c. that have the thicknesses in the table. 
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THIBD AfKO* rOUBTH EXVO* 

Values of Values of 

the Tints. tbe Tints. 

Purple, - - .13^ 

Blue, . - - 16iV Bluish Green, - .22 

Green, - - - 16J Green, - . 52| 

Yellow, - • 17i Yellowish Green, . 23 J 

Red, . . - 18f Bed, - - - 26 

Bluish Red, . - 20? 

If the plate of glass E D is transparent, and if the eye is 
placed behind it so as to receive the transmitted rays, it will 
perceive a system of rings in which all the colours are com- 
plementary to those of the reflected system, the cross being 
now w?iite, and the colours as follows. ' 

First Ring. Second Ring. Third Ring. Fourth Ring. 

White, White, Green, Red, 

Ye'lowish Red, Yellow, Yellow, Bluish Green. 

Black, Red, Red, 

Violet, Violet, • Green, 

Blue. Blue. 

When the thickness of the crystal whidi produces these 
rings is increased^ the rings become smaller in diameter, but 
retain the same series of colours ; and when the thickness of 
the crystal is diminished^ the rings increase in diameter. 

If we take a positive crystal which produces a system of 
rings, and place it upon a negative crystal which produces a 
system of the same size, the difference of their effects will be 
produced ; the one will destroy the effects of the other, and no 
ring whatever will be produced ; if, on the contrary, a positive 
crystal is joined with a positive, or a negative with a n^ative 
crystal, the sum of their effects will be produced. Hence it 
follows that positive and negative crystals produce systems of 
rings of an opposite character, like positive and negative elec- 
tricity, or like north polar and south polar magnetism.. 

The systems of rings now described differ in size in different 
crystals, even at the same thickness. In order, for example, to 
produce with Beryl a system of rings of the same size as those 
produced by a given thickness of Calcareous spar^ we must 
take a much greater thickness of beryl. The following are 
nearly the relative intensities of the forces which produce the 
rings in a few crystals : — 

Calcareous spar, 35 

Rockcrystal, 2 

Beryl, 1 
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The best crystal for exhibiting the rings witliout any trouble 
is the Iceland spar or Carbonate of limey called hasee by Hauy, 
and consisting of thin tnangular plates, whose faces are per- 
pendicular to the axis of the rhomb, or that of double refraction. 

The systems of rings above described, I discovered in the 
year 1813. in Ruby, Emerald^ and Beryl. Dr. Wollaston found 
them in carbonate of lime in 1814, and I discovered them in 
all the other crystals in the Table given in p. 854. 

SffCT., V. — On the Double System of Rwffs produced by Crystais^ 

•with two Axes of Double Refr actum. 

In the year 1813 I discovered the double system of rings 
in Topazy Niire^ and other crystals ; and in the Philosophical 
Transactions for 1814 I have described the different pheno- 
mena which they exhibit in Topaz. This system of rings, 
however, is best seen in plates of Nitre or Saltpetre about 
^\th or ^^th of an inch thick, and cut by planes perpendicular 
to the axis of the hexahedral prism. When any of these plates 
is placed at ef Fig. 10, and as near C as possible, the eye at 
V will, in four positions of the plate of Nitre, 90° from one 
another, see the double system of rings shewn in Fig. 12, each 
system surrouiiding the poles PP, and the whole intersected 
by a black cross A B, CD. At other four positions of ef, 90** 
from each other, and i5° distant from each of the first four 
positions, the eye will observe the system shewn in Fig. 13, 
where the black cross is now changed into two hyperbolic 
branches M P N, M' P N% passing through the poles P, P. 

In different crystals the distance between the poles P P' 
varies, being very small in some, and very great in others, as 
in the following Table :*— 

Sulphate of strontian. 
Sulphate of lime. 
Topaz, 

Carbonate of soda. 
Carbonate of potash. 
Muriate of copper, . 
Sulphateof iron, about 90 

In examining the phenomena of crystals with two axes, I 
have been led to consider tlie poles P P\ or the centres of the 

^ A Table containing 58 crystals will be found in the Edinburgh Encydoptedia, 
Art. Optie»^ vol. x?, p. 592. 
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nngs, as apparent or remUa/nt axes^ and to regard the real axes 
as always at right angles to one anothisr, the one passing 
through O being always the principal one. In this way I was 
led to the following general law, by which all the phenomena 
could be/ calculated and represented in the most accurate man* 
ner. 

The tint produced at any point of tlie sphere by the joint 
action of two rectangular axesy ia equal to the diagonal of a pa» 
raUehgram wfiose sides represent the tints produced by each axis 
separaiehfy and whose angle is ^ovble of the amgle formed by 
the two planes passing through thai point of the sphere afid the 
respective axes. 

From this general law, it follows that one system of rings 
may be produced by two equal rectangular axes of an oppo- 
site name, so that the above law includes the law of Huygens 
for one axis. 

It follows also from the above law, that Three equal and 
rectangular axes will be in equUibriOf and will destroy one an- 
other's action. 

Sect. VI. — On Circular Polarisation i/n Rock Crystal^ Ame* 

thystf and certain Fluids. 

When we look at the positive system of rings along the axis 
of a Quartz crystal, the rings are distinctly seen, but the black 
cross A BjC Df Fig. 11, is obliterated as in Fig. 14, and the 
central space is filled up with an uniform tint of the colours 
mentioned in p. 361, the tint passing through all the series of 
these colours, as the plate of quartz increases in thickness 
from a thin film. When the plate is extremely thin, the black 
cross is seen ; as it becomes thicker, a pale bluish-white light 
next covers it, then white, yellowish- white, &c. Upon exa- 
mining these colours, it was observed that they differed ia 
their properties from those which composed the rings, since the 
tints along the axis of quartz varied in colour as the plate C D 
was turned round the polarised ray S T. 

M. Biot endeavoured to explain this fact by supposing the 
axes of polarisation of the luminous particles to have a pro- 
gressive rotation, and that the rapidity of this rotation in- 
creased with the refrangibility of the rays. He concluded also 
that this property belonged to the ultimate particles of silex, 
and could not be taken from them. M. Biot aleo found that 
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some crystals of quartz, which have been called UfUianded by 
Mr. Herschel, cause the tints to descend by turning the plate 
CD from right to leftj while others, called right-handed, cause 
the tints to descend by turnipg the plate C D from left to right. 

In examining the structure of the Amethygty I found that 
this mineral was composed of two kinds of quartz, one of 
which turned the planes of polarisation from left to right, 
and the other from right to left. These two kinds of quartz 
are arranged in veins, as represented in Fig. 15. The shaded 
veins, which correspond to each alternate face of the pyramid, 
turn the planes of polarisation from right to left, while all the 
rest of the crystal turns the same planes from left to right ; 
and, what is very interesting, the black lines where these two 
structures unite have no action whatever on the planes of, po- 
larisation. In some specimens these opposite veins are so mi- 
nute, that they destroy each other's action upon the polarised 
ray, and when this happens, the single system of rings ap- 
pears with its black cross, and entirely free of any of the tints 
of circular polarisation. The colouring matter of the Amethyst. 
is arranged in a very singular manner in relation to these 
veins ; and the fracture across the veins exhibits a beautiful, 
and sometimes a regular rippled structure, resembling the en- 
gine-turning on a watch, and affords an infallible mineralogi- 
cal character of the amethyst, whether it is yellow, orange, 
dive, green, hhie, or perfectly colourless. 

In order to determine whether or not the phenomena of cir- 
cular polarisation, as M. Biot maintained, arise from the ulti- 
mate particles of silex, I examined Opal and Tabasheer, but 
could not detect the slightest trace of such a property, I then 
conceived the idea of examining quartz that had been melted 
by heat, and having received from Dr. Hope a piece which 
that eminent chemist had reduced to fusion, I found that it 
did not exhibit the slightest trace either of common or circular 
polarisation. 

A very important discovery relative to circular polarisation 
was some time ago made by Mr. Herschel. Impressed with 
the idea that this property might be related to some crystalline 
structure in quartz, he examined different specimens of that 
variety which is called by Hauy Plagiedre, and which pos- 
sesses unsymmetrical faces a;, x, x, xf, xf, xf, (Fig. 16) that al- 
ways lean in one tmiform direction round the summit A, but 



366 ON tHX FOLAAXSATIOK OF LIC^HT. CEt. XIX. 

sometimes to the rigfU and sometimes to the left ; he submtted 
these crystals to examination; and though M. Biot, as Mr. 
Herschel remarks, assures us that no peculiarity in the crystal- 
line form can lead us to conjecture the direction of rotadon, 
yet he found in every case, after examining Jtft^^kree different 
crystab) that the (Hrection in which they turned the plaanes of 
polarisation was iiwariably the same as the direction in which 
the plagiedral faces leant round the crystal. Hence Mr. Her- 
schel concludes that these Jbces are produced by the same cause 
which determmes the displacement of the plane of polariscOion 
of a ray traversing the crystal parctUel to its axis. 

M.M. Biot and Seebeck discovered about the same time 
that certain fluids exhibited in a very weak degree the piheno- 
men^ of circular polarisation ; but it is to the former that we 
owe the analysis of this class of phenomena. Having filled a 
tube six ot seven inches long with oil of turpentine, and placed 
it in the apparatus shewn in Fig. 5, he observed the comple- 
mentary colours, which had the same property as those pro> 
duced by a plate of rock crystal, which turned the planes of 
pc^arisation from right to left. By trying other fliuds, he db« 
tained the following results :-— 

From Right to Left From Left to Right. 

Oil of turpentine. Essential oil of lemons. 

Essential oil of laurel. Solution of natuiul camj^or 

Solution of artificial camphor in alcohol. 

in alcohol. Syrup of sugar. 
Vapour of turpentine. 

M. Biot found that the tints rose in the scale as the thick- 
ness of the fluid was increased ; that oil of turpentine, mixed 
with another fluid that has not the power of acting upon light, 
gave a tint proportional to the number of particles cf turpen- 
tine in the mixture ; and that, when two fluids that turned the 
planes of polarisation in opposite directions were mixed in 
quantities reciprocally proportional to the intensity of their ac- 
tion, they neutralised one another. He found also that oil of 
turpentine required to have a thickness of 68^ millimetres to 
give the stfme tint as a single millimetre of quartz. For far- 
ther information on this subject see the Mem. de rinstiiui^ 
1818 ; Memoirs of the Cambridge Society^ vol. i, part 1 ; J?dm- 
burgh PhUosephical Journal, vol. iv, p. 971-488 ; vol. vi, p. 
879 ; and the Edinburgh Encychpa^diay vol. xv, p. 597, &c. j 
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Sect. VII. — On Smgly Polarising^ Crystals. 

Ib all the crystals of which we have hitherto spokes, two 
iim^s polarised in opposite planes are produced by double re- 
fraction. I founds however, in 18IS, that the Agaie bad the' 
singular property c^ producing only one image, polarised in 
one plane ; and I afterwards discovered an analogous property 
in the massive Carbonate of BaryUSy in certain plates of Mica, 
and in Mother of Pearl. 

In all tl^se cases,'! found that the light of the second image 
was either scattered or absorbed, ox that it was converted into 
a nebulous ma8& of light ; and I observed some very singular 
af^arancfs }m)duced by thi«i cause in (M ofmace, melted and 
cooled between two plates of glass. 

In 1815, M. Biot and M. Seebeck discovered an analogous 
property in the Tourmaline. 

In prosecutii^ these experiments on singly refracting crys« 
tals, I found that the property of single refraction could be 
eommunicarted to them artificially, and I succeeded in doing 
this with Calcareoms spar, Jrragonitey Nitre, and many other 
crystals. 

This effect is produced by inducing a great degree of rough- 
ness on the surfaces, and cementing upon them a plate of glass, 
by means of an oil or a balsam of the same refractive power as 
either the ordinary or the extratMrdinary ray. By this means 
the other ray k either diminished in intensity, rendered nebu- 
lous, or obliterated. See PMl. Trans. 1819, p. 146, or Edin^ 
hwgh EtK^dopa^dia, vol. xv,. p. 600. 

Sect. VIII. — On the Dichroism of Crystals, and the Absorp^ 

tion of Polarised Light. 

The term Dichroism, from ^o two, and x^ colour, I have 
applied to denote the two colours which Dr. Wollaston long 
ago observed in Tourmaline and c^tain crystals of Palladium, 
which Cordier afterwards observed in the lolite or Dichroite, 
and which Boumon noticed in several specimens of Mica. 
The same phenomenon I found in Augite^ where one of the 
pencils is a deqp Hood red, and the other a brilliant green, and 
in Sapphire, Idocrase, and many other minerals. In lolite, 
the two colours are a beautiful blue and a yelhwishbrown. 
These two colours are seen by looking through the crystal 
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^n different directions. The cause of this phenomenon was 
entirely unknown till I investigated its origin in the lotite^ 
and shewed that the two colours were related to its two re- 
sultant axes of double refraction, and arose from the absorp- 
tion of common lights according to laws depending on the 
position of the incident ray in reference to its axes of double 
refraction. 

The absorption of polarised light is still more interesting. 
If we take a prism of certain specimens of Beryl of a bluish - 
green colour, and expose it to polarised light, as at ej^ (Fig- 
10), we shall find that it transmits only a beautiful Miie light 
when its axis is horizontal or perpendicular to the plane of po- 
larisation, and only a greenish^white light when the m& is per- 
pendicular to the horizon or coincides with that plane, the 
transmitted light passing from Xhe Jbrmer to the latter tint, 
while the crystal is moving from the first into the second posi- 
tion. Hence it is obvious, that the green light is absorbed in 
one position, and the bhie light in the other position. This 
absorption varies with the angle which the polarised ray forms 
with the axis of the prism, being a maximum when that angle 
is 90^, and vanishing altogether when the ray passes along 
the axis. 

If we now cut the crystal of Beryl into a prism, so as to se- 
parate its two images, we shall find that these two images Imve 
different colours, the one having the same colour that would 
have been produced by exposing it in one position to polarised 
light, and the other image having the colour that would be 
obtained by turning it round 90°. Here, then, we have two 
singular properties of this class of crystals, which always ap- 
pear to accompany one another, viz. the property which the 
extraordinary refracting force possesses of selecting certain rays 
out of the compound beam of common incident light, and the 
property of absorbing these rays in one position, and the com- 
plementary rays in another position, when the incident light 
has been previously polarised. 

The property which has now been described as belonging to 
Berylj I have found in other twelve crystals with one aanSy and 
in a great variety of crystals with two cuveSy such as Topaz^ 
Mica^ Sulphate of BaryteSy jK'yanite, Epidote, &c. See FhiL 
Trans, 1819, p. 11, and Edin. Phil Journal^ vol. ii, p. 346, 



■E6T. IZ. BT transmitting USAT THKOiraH CLASS. S69 

"SxcT. IX. — On the, Polariaing Structure produced by the 
Transmission of Heat through Glass. 

The diiferent phenomena which are described in this section 
were discovered by me in the years 1814 and 1815, and have 
been deaoribed at very great length in the PhO, Trans, for 
1816. A very brief notice of them only can be ffvea in a 
]KipuIar work like the present 

If we take a plate of glass, AC BD (Fig. 11) perfectly cy- 
lindrical, and transmit heat from its circumference to its centre, 
we shall find that it wilt exhibit, when exposed to polarised 
light, and when the heat has reached its centre, the system of 
rings shown in the figure traversed by a black rectangular cross 
A B, CD. This system of rings is precisely the same, both 
in appearance, and in the character of its tints, as the system 
seen along the axis of Zircon, Ice, and ot^er crystals of the 
positive class. 

If the circular plate of glass, on the contrary, is immersed in 
boiling oil, or equally heated in any other way, and is allowed 
to cool rapidly, it will exhibit a similar system of rings ; but 
this system has a negative polarisation, like the rings formed by 
Cakareous spar. Beryl, &c. and other crystals of the nega&ve 
class. 

This oppo^tion in the character of the two plates may be 
well observed, by combining them together, as already de- 
. scribed in page 361. 

By comparing the value of the tints (see p- 361) with their 
distances from the centre of the plate, I found that they vary 
as the squares of their distances from the axis. 

Let a well annealed rectangular plate of glass, EFC D, 
having no polarising structure (Fig. 17), be now placed with 
its lower edge CD upon a thick bar AB o( red hot iron, and 
exposed to polarised light in the usual way. The entrance of 
the beat into the glass at C Z> will be marked by fringes of 
ctdoured light at C D ; and nearhf at tfie same instant, and be- 
_fire a single particle of heat has reached the upper edge E F, or 
even a b, corresponding fringes wiU appear at E F, and also at 
a b, and the fringes will become more distinct till they resemble 
those seen in Fig. 17, where M N, OP, are two black lines, 
where there is neither double refraction nor polarisatbn. Be- 
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tween O P and M N the doubly refracting and polarising struc- 
ture is negative^ because the fringes descend in the scale when 
crossed by the axis of a plate of sulphate of lime ; while the 
structures between O P and E Fj and between M N and CD^ 
are positive. 

If the plate of glass is immersed in boiling oil, and then al- 
lowed to cool rapidly, it will exhibit the same fringes, &c ; but 
the central structure will now be positive^ and the two external 
structures negative. 

When the heat is uniformly distributed over the plate, in 
both the preceding cases, the fringes are no longer visible. Jn 
all these cases, similar fringes and structures are seen through 
the thickness of the plates, and also in the direction of their 
length. When the plate of glass is nearly of a square form, 
and its thickness about one-third of the length of one of its 
sides, these fringes assume the form shewn in Fig. 18, and 
when the length of the piece of glass is about three times that 
of one of the sides, the fringes have the form shewn in Fig. 19- 
All the tints displayed in these fringes resemble, in everyre- 
spect, the tints polarised by doubly refracting crystals, and fol- 
low the same laws in their combination. 

If we make a cut with a diamond across the line abofa plate 
of glass C D E F (Fig. 17), and having placed it on the hot 
iron A B, break it into two pieces when the fringes are fully de- 
veloped, we shall find that each half of the plate has the same 
structure as the whole plate had before. The heat, whose un- 
equal distribution, producing an inequality of density (accord- 
ing to a certain law indicated by the progreission of the tints), 
has its distribution instantaneously altered, and a pordon of it 
escapes during the change. This effect, which is one of the 
most singular facts in natural philosophy, is shown in Fig. 20, 
which represents the arrangement of the tints, when the glass 
is divided along the line r *, each plate having two lines of no 
polarisation, and one negative between ttoo positive structures, 
exactly like the original plate before it was divided. If the 
plate has been divided in the direction C JD, the angular fringes 
will start up at the two new angles which are formed by the di- 
vision of the plate. 

This experiment may be performed in a still simpler manner, 
by taking two separate plates of glass, E Fsr^ G H sr^ Fig. 
20. When these plates are pressed together with the force of 
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a screw, and then laid with the edge G H on a plate of hot 
iron, the heat will distribute itself as if the whole constituted 
one plate, and produce the effect shewn in Fig. 17 ; but the 
moment the plates are separated, the heat will distribute itself 
, as in Fig. 20. 

By combining' a positive rectangular plate^ or one in which 
the principal axis is positive^ with another positive rectangular 
plate, so that the lines of no polarisation are parallel, the effect 
of each will be combined as if a plate had been used equal to 
the sum of their thicknesses, and the fringes on each sidje of the 
black lines will increase in number. 

If we combine a positive rectangular plate with a similar 
negative rectangular plate, the eflFect of the one will counteract 
that of the other. If they have equal actions, the polarising 
structure of the one will destroy that of the other ; but if their 
actions are unequal, the effect will be the same as if a plate had 
been used of the same thickness as the difference of their thick- 
nesses, and having the structure of the thickest of the two com-r 
bined plates. 

When two positive or two negcttive rectangular plates are 
crossed, as shewn in Fig. 21, the tints are in some places raised 
in the scale, and in others depressed, according as opposite or 
similar structures are opposed to one another, the crossing of 
two positive or two negative structures sinking the tints in the 
scale, and the crossing of a positive with a negative structure 
raising them. By finding the tint at any given point in each 
plate from the preceding formulae, and combining these tints 
according to the rule already given, it will be found that the 
isochromatic curves (or curves of equal tint) at the intersectional 
space A B C D are Hyperbolas, which will be equilateral when 
the breadths and the maximum tints of the two plates are the 
same. 

When a positive rectangular plate crosses a negative plate, 
it will be found, by the same process, that the isochromatic 
curves are Ellipses^ as in Fig. 22, when the plates are of un- 
equal breadths ; and that they become circles when the plates 
and maximum tints are equal, as in Fig. 23. 

All these different phenomena, which I first observed, are 
deducible mathematically from my formula in the Edinburgh 
Transactions, vol. viii, p. 357. 

We have already seen that circular plates, or cylinders of 
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glass, have one positive aans^ like zircon ; but when the cylinder 
has the form of a tube, like AC BD (Fig. 24), the polarising 
force is distributed in a very remarkable manner. A black 
circular fringe fnj) n o forms the line of no polarisation^ and 
the coloured fringes are placed on each side of this dark ring, 
and concentric with it. The structure on the outside of mp n o 
is positive, like zircon, &a and tl^ structure on the inside ne- 
gative, like calcareous spar. 

If a tube of glass is brought to a red heat, and then cooled 
by inserting in its bore a cylinder of iron, or any other con- 
ducting body, the structure will then be the same as is repre- 
sented in Fig. 25. 

If a solid cylinder of glass which has only one structure 
is perforated in its centre, it will exhibit the appearance in 
Fig. 24. 

When the tints are arranged in a glass cylinder, as in Fig. 
24, take a file with a very sharp edge, iand cut the tube en- 
tirely through by a notch E F (Fig. 25). By this operation 
the particles will be freed from the state of violence in which 
they are held, and will assume the very same arrangement 
which they never fail to take in rectangular plates of glassy. 
By exposing the tube thus divided to polarised light, it will ex- 
hibit the appearance shewn in Fig. 25, where mpno, m' pf n' o\ 
are two dark fringes having a negative structure on the outer 
side of each, and a positive structure between them, as in plates 
of glass with two axes. 

Sect. X. — On the Communication of the Polarising Structure 

by Compression and Dilatation. 

On the 3d of January 1815, I discovered that soft animal 
substances, such as calves' foot jelly and isinglass, acquire from 
simple pressure that peculiar structure which enables them to 
form two images polarised in an opposite manner, like those 
produced by doubly refracting crystals, and to exhibit the com- 
plementary colours of regularly crystallized minerals. This ef- 
fect was observed in a cylindrical piece of calves'* foot jelly which 
could scarcely support its own weight, and which had no action 
upon polarised light ; but whenever it was pressed between 
the finger and the thumb, or even touched gently by the fin- 
ger, it displayed the properties of the polarising structure. 

During subsequent experiments on this subject, in October 
1815, I observed that compression produced a negative po- 
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larising structure, and dilatation a positive polarising struc- 
ture ; and by dilating isinglass I created a polarising structure 
more powerful than that which is possessed by beryl. 

These experiments, which had been confined to soft sub- 
stances, I extended, on the 1st November 1815, to plates of 
solid glass ; but finding it difficult to apply regular forces to 
such a hard body, I thought of developing the polarising struc- 
ture by bending plates of glass^ whose edges were ground and 
pdished. In this way I succeeded in exhibiting the pheno^ 
mena in the most simple manner. 

If we take any slip of glass, cut merely with a diamond, 
and holding one end of it in each hand, bend it slightly, we 
shall observe, through its edges, when exposed to polarised 
light, two separate structures ^ JffJVAf, CDNM^ Fig. £6, 
separated by a dark line M N ; and each of them covered 
with coloured fringes, the scale of which commences at M N, 
When the axis of a plate of sulphate of lime is made to cross 
these fringes, those in C D N M on the concave side will rise 
in the scale, and will therefore be positive^ while those in 
ABNM on the convex side w\[\ fail in the scale, and will 
therefore be negative. By measuring the breadth of the 
fringes, the tints were found to vary as their distance from the 
axis. By the application of great forces I 'succeeded also in 
altering the polarising structure of regularly crystallized bodies, 
and in communicating that structure where it did not previously 
exist. 

For a full account of these experiments, see the Phil, Trans. 
1816, p. 166, and the Edin. Trans, yol. viii, p. 281. 

Sect. XI. — On the Polarisation of Light by Metals^ and by 
the Second Surfaced of Transparent Bodies. 

The discovery of the polarisation of light in two opposite 
planes by polished metals was independently made by Malus 
and myself, but the priority is due to Malus, who concluded 
from his observations, that while transparent substances refract 
all the light polarised in one plane, and reflect all the light 
polarised in the opposite plane, metallic bodies reflect what they 
polarise in both planes. 

In examining the effects produced by successive reflexions 
from metallic surfaces, I discovered that they possessed the sin- 
gular property of producing, when exposed to polarised light, 
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the phenomena of the complementary colours, and of moveable 
polarisation, like crystallized bodies. 

Let us suppose that two parallel plates of highly pdished 
silver, about three or four inches long, and half an inch broad, 
are fixed at the distance of about half an inch, and are inter- 
posed at ef^ Fig. 10, between the polari^ng plane A B and 
the analyzing plate C D, and that the silver plates can be 
turned round, so that the plane of reflexion may form any 
angle with the plane of primitive polarisation AST. If the 
plane, of reflexion from the silver plates is either parallel or per- 
petidicular to tlie plane of primitive polarisation, the action of 
the plates upon the polarised ray will be nothing, that is, the 
ray will retain its primitive polarisation, and will be colourless, 
however great be the number of reflexions. In every other po- 
sition^ however, of the plane of reflexion from the silver plates, 
and at every angle of incidence, the polarised ray will be ^- 
vided into two portions, O and £, one of which, O, retains 
its primitive polarisation, while the other, £, is polarised in an 
angle equal to 2 a, or twice the azimuth of the plane of re- 
flexion. When a is 45°, the tint £ is a maximum, just as in 
plates of regularly crystallized bodies ; the azimuthal angle of 
the plane of reflexion in the former, replacing the azimuth of 
the axis in the latter. 

When a polarised ray is reflected from a single metallic sur- 
face in the manner now described, it experiences the same mo- 
dification as if it had passed through a plate of any crystallized 
body of a certain thickness. If the action of the metallic sur- 
face is combined with that of a plate of sulphate of lime, hav- 
ing its axis ccnncident with the plane of reflexion^ the colour 
polarised by the system will be that which is due to the sum 
of the thicknesses of the crystallized plate, and the equivalent 
plate of the same substance ; but if the ^xis of the plate is at 
right angles to the plane of reflexion, the colour polarised by 
the system will be that which belongs to the difference of the 
thicknesses of the crystallized, plate and the equivalent plate. 
The same is true of two or more metallic reflexions, each re- 
flexion being equivalent to a plate of a crystallized body of a 
given thickness, their thickness varying with the angle of inci- 
dence ; and if the angle of incidence varies, the thickness of 
the equivalent plate always increases as the angle of incidence 
upon the metal dimini^es, or the depth to which tlie incident 
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ray penetrates the metallic surface increases as it approaches 
to the perpendicular. 

The same effect is produced by successive reflexions from 
Gddf and, in an inferior degree, from Platmum^ Steely BrasSj 
Copper^ Tin, Lead, Mercury, Metal for specula, and Amcdgam 
of Bismuth, 

When a ray of common light has suffered a number of re- 
flexions from polished plates of silver, I found, that even when 
the number of reflexions was thirty-six, the emergent pencil 
consisted of two pencils polarised in opposite planes. A por- 
tion of the most refrangible rays was absorbed at each re- 
flexion, so that the resulting pencil was of a deep red colour. 
As one of the images was decidedly fainter than the other, the 
pencil would have ultimately been all polarised in the plane of 
reflexion. Hence it follows, that the intensity of the pencil 
polarised in the plane of reflexion is greater than that of the 
pencil polarised in the opposite plane ; but these two inten- 
sities approach nearer to equality in silver than in any other 
metal. 

If common light is incident upon Steel, and all the other 
metals except gold and silver, five or six reflexions at an angle 
of 70° are sufficient to polarise the whole of the incident pencil 
in the plane of reflexion. Hence it follows, that in all these 
metals the pencil polarised in the plane of reflexion exceeds 
greatly in intensity that which is polarised in an opposite plane, 
a great portion of this last pencil having been absorbed by the 
substance of the metal. 

The discovery of the polarisation of light in two 
opposite pencils by the action of the forces which larisation of 
produce total reflexion, was made by me in 1814, light by total 
and explained in my paper on the Polarisation of 
Light by Reflexion. 

The experiments by which I ascertained this property were 
conducted in a manner similar to those of Malus upon po- 
lished metals. A ray of polarised light was found to be de- 
polarised by total reflexion, when the plane of total reflexion 
was inclined 45*^ to the plane of primitive polarisation, and 
in intermediate degrees at different azimuthal angles, except* 
ing when the azimuths are 0°, W^ 180°, and 270% or when the 
plane of total reflexion is parallel or perpendicular to tlie plane 
of primitive polarisation. 
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During these experiments I likewise discovered that the com. 
plementary colours of moveable polarisation were produced by 
total reflexion in a manner analogous to those produced by me- 
tallic surfaces; one reflexion appearing to correspond to an 
equivalent plate of a crystallized body of a certain thickness. 
The eflect is increased by increasing the number of reflexions 
in the same plane ; but when the two reflexions are in planes 
at right angles to each other, the actions counteract each other. 
These effects I attributed to the circumstance of one of the 
pencils being later in suffering reflexion than the other, the 
first being under the influence of the force that produces the 
usual partial reflexion, and the other, after beginning to be 
refracted, being caused to return by the continued operation 
of the same power. 

For farther information respecting Metallic Polarisation, See 
my Tretxtise on New PhU. Instruments, Pref. p. xiii, xiv, and 
p. 347 ; and Biofs Traite de Physique, torn. iv. 

Sect. XII.— O/i the Influence of the Surfaces of Crystals on 

the Light which they reflect. 

It has been remarked by Malus, '^ that the action which the 
first surface of Iceland spar exercises upon light, is indepen* 
dent of the position of its principal section ; that its reflecting 
power extends beyond the limits of the polarising forces of the 
crystal ; and that, as light is only polarised by penetrating the 
surface, the forces which produce extraordinary refraction 
begin to act only at this limit.^ He also observes, that '^ the 
angle of incidence .at which Iceland spar polarises light by par- 
tial reflexion is 56° SO^ ; that it then comports itself like a com- 
mon transparent body ; and that, whatever be the angle com- 
prehended between the plane of incidence and the principal 
section of the crystal, the ray reflected^ by the first surface is 
always polarised in the same manner.**^ 

In order to examine with care the superficial action of Cal^ 
careous spar, I exposed several surfaces by cleavage, and hav- 
ing selected the one that had the most perfect polish, I co- 
vered all the other sides of the rhomb with black wax, and 
measured the polarising angles in planes variously inclined to 
the principal section. The following are the results of a great 
number of observations : 
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Poatkmof the CrystaL 

Short diagonal in plane of reflexion 
One of the edges in plane of reflexion 
Long diagonal in plane of reflexion 



Asmutfa. 



0° 
50 
90 



57i' 
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Polanang 
angle. 

67° 14' 

58 m 

59 33 



Difference between the greatest and least polariang angle 2° 18' 

In these experiments the results were the same, whether the 
obtuse angle of the rhomb was nearest or farthest from the eye, 
or whether it was to the right or left hand of the observer. 

Since the extraordinary force in calcareous spar Ql^^g.^ £„ 
was thus shewn to extend to such a distance beyond the plane of 
the surface as to modify the polarising angle pro- ^\lreak^Uig 
duced by superficial reflexion, it became extremely* the reflecting 
probable that the polarisation of the reflected ray ^^^ 
might sufier some change from the same cause. I accordingly 
introduced a film of oil of cassia between a glass prism and the 
surface of the spar, and having incUned the prism at a very 
small angle to that surface, I thus separated the image formed 
at the common surface of the prism and the oil, from the image 
formed at the common surface of the oil and the spar. The 
efiect was exactly what I had anticipated. The influence of 
the ordinary reflecting force was reduced almost to nothing, 
and the light reflected from the separating surface of the oil 
and the spar, was polarised at an angle of about 45^% and was 
almost entirely under the dominion of the force which ema- 
nated from the axis. The following were the results obtained 
with an ordinary surface, inclined 45° ^g' to the axis. 

1. AzkMdh OP. When th^ plane of the principal section is 
in the plane of reflexion, the light reflected at the surface of 
the oil and the spar is polarised in the plane of reflexion, the 
obtuse solid angle being farthest from the eye. The light of 
the image is of a faint red colour, and has very little intensity. 

2. Azimidh 12°. The obtuse angle being farthest from the 
eye, the reflected pencil is polarised about 45° out of the plane 
of reflexion. 

3. Azimuth 42°. The reflected pencil is polarised transverse 
or at right angles to the plane of reflexion, or 90^ out, of it 
The light is now of a yellowish white ttin, and is much more 
intense than in azimuth 0°. 
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4. Azimuth 90*'. When the plane of reflexion is perpendi- 
cular to the plane of the principal section, the obtuse solid 
angle being either to the right or left hand, the reflected pen- 
cil is polarised a little more than 135% or — 46° out of the plane 
of reflexion. The intensity of the pencil is now intermediate 
between that of azimuth 0^ and 46^. 

6. Azimuth 180°. The obtuse angle being now next the 
eye, the pencil is polarised 180° out of the plane of reflexion, 
or it has again returned into that plane. 

In passing through the last 45° of azimuth, the polarisation 
varies very slowly, the change being only about 10° : whereas, 
in passing through the first 4S° of azimuth, the polarisatioii 
varies no less than 90°, indicating that this change depends 
upon the &ngle which the incident ray forms with the axis of 
the crystal. See PhU, Trans, 1819, p. 145, or the Edinburgh 
Encyclopcedia^ vol. xv, p. 608. 

Sect. XIII.-- Oti the Structure of the TessekUed ApophyUites. 

In ordinary crystals every portion, however small, has tbe 
same property as the whole, and the forces of double refraction 
and polarisation have the same character and the same intensity 
in all parallel directions. A very singular exception to this ge- 
neral law presented itself to me while examining the ApophyU 
lUes of Faroe, 

When we remove the uppermost slices from each of the two 
summits of the crystal, to the thickness of the 100th o{ an 
inch or more, and examine it either by the microscope or by 
polarised light, we perceive no tesselated structure, and this 
slice has only one axis of double refraction. 

If we now remove the next slice, and all subsequent slices, 
we shall find that they exhibit by polarised light, and also by 
the microscope, under favourable circumstances of illumina- 
tion, the beautiful figure represented in Fig. 27. The outer 
case MON Pf which binds the interior parts together, is com- 
posed of a great number of parallel veins, which, from their 
minuteness, display the colours of striated surfaces. This ex- 
ternal coating envelopes no fewer than nine separate crystals, 
VIZ. the central lozenge abc d, which has one axis of double 
refraction ; the four prisms J, jB, C, D, with trapezial bases, 
which have two a^es of double refraction ; and the four trian- 
gular prisms ehly Imn^ ^ *g*> Sf^^ ^ of which are separated 
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from one another by distinct veins. The inflected lines ehly 
Imfif nhgy gfe^.Bxe most easily seen by the microscope. 
The central lozenge is seen much less frequently, and the ra^ 
dial lines A a, ck^ fdy bm, require a particular* mode of il« 
lumination to be distinctly recognised, though they are easily 
seen by polarised light. In the quadrants A M and D N, the 
planes of the two resultant axes are coincident, and lie in the 
line MN ; and in like manner in the quadrants jS O, CP, the 
plane of the axes is in the line O P. The consequence of this 
is, that when a plate dT sulphate of lime has its axis coinci- 
dent with MNy it depresses the tints in A and jS, and raises 
the tints in C and jD, while the central lozenge and the rachal 
Unes have the same tint as the plate of sulphate of lime. 

One of the Faroe varieties of ApophyUite which occurs in 
complete and transparent aystals, exhibits through both its 
pair of parallel longitudinal faces the very remarkable tesselated 
structure shewn in Fig. 28y consisting of the most splendid co- 
lours, arranged like the finest mosaic, and with the most perfect 
symmetry in relation to the centre of the crystal. The exist- 
ence of the curvilineal solid in the centre ; — ^the gradual dimi- 
nution in the length of the circumscribing plates, in consequence 
of which they taper, as it were, from the angles of the central 
square to the truncated angles at the summits ; but, above all', 
the reproduction of similar tints on each side of the central 
figure, and at equal distances from it, cannot fail to strike the 
observer with surprise and admiration. A full account of the 
singularities of apophyllite will be found in the Edinburgh 
PhUosophiccU Journal, vol. i, p. 1, and Edinburgh Transao-- 
tionSf vol. ix, p. 817. See also the Transactions of the Cam-' 
bridge Society , vol. ii, p. 1, for an account of the tesselated 
structure of Brazilian Topaz. 

SECTi XI v.— On the Mtdtiplication qflmages, amd their accom- 
panying Colours in Calcareous Spar and other Crystals, 

The multiplication of the images in some specimens of Col- 
careotis spar was first observed by Bartholinus, and afterwards 
described by Huygens, Benjamin Martin, Dr. Robison, Mr. 
Brougham, and Malus. 

The crystals of Calcareous spar which possess this property 
are intersected with one or more planes ABC D, Fig. 29, 
ebcgy afh d, perpendicular to the long diagonals E F, G H, 
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of the rhomboidal faces, and parallel to the edges E G^ F H. 
When we look through the two parallel faces of the crystal at 
a candle, so that the light may pass through one of these 
planes, we observe the two principal images A^ Bj Fig. 80, two 
secondary images a, &, sometiKnes faur^ viz. a, b; a', ^, and 
sometimes ^, o, b; d^V ; oS* If'. When there are more than 
one interrupting plane, the images are often doubled, or mul- 
tiplied to such a degree that the eye observes, in favourable 
positions of the rhomboid, heaps of images of the most beau- 
tiful kind, sometimes varpng in the intensity o{ their light, 
sometimes vanishing, and sometimes reappearing. These imagoes 
are in general highly coloured with all the tints of the spec- 
trum, though in some specimens no colours at all appear, ex« 
cepting the prismatic tinges at their edges, arising from refrac- 
tion ; and by varying the inclination of the rhomboid, the 
colours which affect the different images change in the most 
rapid and beautiful manner, running through the whole series 
of the colours of the polarised rings. 

In order to explain these phenomena, Malus supposes thai 
there is a fissure^ or cracky within the crystal, and he con^- 
ders the colours with which the images are tinged as the co- 
lours of a plate of air in the fissure or cracky and quite simi- 
lar to the Newtonian colours of thin plates. 

By examining with the microscope, and subsequently break- 
ing up the specimens which produce the preceding phenomena, 
I found, that in no case whatever is there & fissure^ or a cracky 
in the crystal. I ascertained, however, that the phenomena 
were produced by veins, or strata of calcareous spanr^ such as 
AB C Dy &c. Fig. 29, always parallel to the long diagonal 
EF. \ found these veins to vary from almost imperceptible films 
to plates of considerable thickness, and succeeded in determin- 
ing that these strata were regular rhomboidal plates of the spar, 
having their axes in a constant position in relation to the axis 
of the rhomboid which contained them. After these results 
were established, all the phenomena produced by such inter- 
rupted crystals admitted of immediate explanation. 

Letilf JV, Fig. 31, be the vein, or stratum, of calcareous 
spar interposed between the two prisms A E By C FD, and, 
though it adheres firmly to these prisms by both its surfaces, 
let us suppose an open interval on each side of it. Let Mb he 
a ray incident at b. This ray, after being refracted doubly. 
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will emerge in two pencils at c, d^ and will enter the plate of 
spar M N. As the axis of this stratum is ndther parallel nor 
perpendicular to the plane iti which the rays h c, V d^ are po- 
larised,^ and as it is so thin as to produce the phenomena of 
moveable polarisation, each of these pencils will be divided in- 
to two complementary tints — suppose red and green^ shewn by 
the double lines de^d ef m the figure, one of which will retain 
its primitive polarisation, while the other is polarised in a 
double azimuth, as in all ordinary cases: These double pencils, 
emerging at e^ ^, and incident upon the second prism CDF 
dXf^f^ will be divided, as in the figure, and will emerge at 
ghy ^ A.', in the directions gn^hm^ g' w', h! tw', the two images 
formed by the rays m, m' being red, and the other two images 
formed by w, n' green. The various colours, in short, which 
affect these images, are portions of the single system of colour- 
ed rings which surround the axis of the plate M N; and the 
second prism CDF is precisely an analyzing prism, which se- 
parates the tints polarised* by the plate MN. 

If any doubt could remain of the certainty of this explana- 
tion of the phenomena, I have removed it entirely, by actu- 
ally composing artificial rhomboids, and interposing a plate of 
calcareous spar, having the same position as it has in the natu- 
ral crystal. This artificial rhomboid produced all the various 
and beautiful phenomena which are displayed in the compound 
crystal. See the Phil, Trans. 1815, p. ^70; Edin» Trans. 
vol. viii, p. 165 ; and the Transactions of the Geological So-- 
detyy vol. V. ' 

« 

CHAPTER XX. 

ON NEW DIALS. 

1. Description of an Analemmatic Dial, which sets itself. 

The analemmatic dial is represented by Ci5 in Fig. 32 of 
Plate XI, and is generally described upon the same surface 
with a horizontal dial A jS, for the purpose of ascertaining its 
proper position, without the assistance of a meridian line or 
Compass. It is always of an elliptical form, approaching to that 
of a circle, 'as the place for which it is made recedes from the 
equator. Its stile is perpendicular, and has different positions 
in the line ss V^, chan^ng with the declination of the sun, and 
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indicated by the names of the months marked upon its surface. 
From the obliquity of the stile of the one dial, and the rectan- 
gular position of the other, the motion of their shadows is so 
di£Ferent, that the dial may be reckoned properly placed when 
the shadows of both stiles indicate the same hour. 
Theory of ^^ order to understand the theory and construction 

the Di«L of this dial, let B E (Fig. 34) be its length perpen- 
dicular to the direction of the meridian. Having bisected B E 
in Aj make A O equal to the sine of the latitude of the place ; 
and with the cosine of the laUtude as radius, set oS A D and 
A C equal to the tangent of 83^ 28', the sun^s greatest declina* 
tion. The points D and C are the places of the stile in the 
time of the solstices, on the 21st of June and December ; and 
if the tangent of the sun^s declination for the first day of every 
month is set off in a similar manner between A and D and A 
and C, the points thus found will be the place of the stile on 
those days, and the radius B C drawn from all these points to 
B will be the hour line of lux at these different times. 

In order to prove this, lei Z JEN H (Fig. 35), be the me- 
ridian, Pp the six o^clock hour circle, and P JET the height of 
the pole, then A Z S\s the azimuth of the sun, and P Z S its 
complement, A S the sun^s decUnation, and P Sits complement. 
Now, in the spherical triangle PZ*? right angled at P, we have 
by spherical trigonometry (Plajrfair'^s Euclid, Prop. XVIII.) 
Radius : Sm. P Z = Tang. P Z aS : Tang. PS, that is, Ra- 
dius : Sin. P Z = Co Tang. Azimuth : Co Tang, declination, 
{or P Z S is the complement of the azimuth, and P S the co- 
declination ; but as radius is a mean proportional between the 
tangent and cotangent (Def. IX, Cor. 1, plane trigonom.), the 
tangents will be in the reciprocal ratio of the cotangents, and 
consequently cotang. azimuth : cotang. declin. ==: Tang, declin. : 
Tang, azimuth. Therefore, Rad. : Sin. PZ-=, Tang, declin. : 
Tang. : azimuth ; and the sine of ,P Z the colatitude, is the 
same as the cosine of the latitude. 

Now, if A C represents the six o'clock hour line when the 
sun is in the equator, and A C the tangent of the sun'^s de- 
clination, for a radius equal to the cosine of the latitude, or 
A C z= Tang, declin. X eosin. latitude, the angle ABC will 
be equal to the sun's azimuth, for from the last ansdogy. 
Tang, declin. X cos. latitude = Rad. X Tang, azimuth, therefore 
AC z=: Rad. X Tang, azimuth ; that is, ^ C is equal to the 
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tangent of the sun^s azimuth when ASv& radius ; and conse* 
quently AB C is the sun's azimuth since AC is its tangent. If 
the sun were in the equator and the stile at Ay his azimuth from 
the soutli would be O ^ jS, whereas when the stile is at C, his 
azimuth is OCB, which is equal to OAB — ABC; there- 
fore A B C is the sun's azimuth from the east or west at six 
o'clock, and B C the gix o'clock hour line. In the same way it 
might be shewn, when the stile is placed in any point between 
C and Z>, that a Une drawn from it to the point B will be the 
six o'clock hour line for that declination, and that the angle at 
B, comprehended between this line and A B^ will be equal to 
the azimuth of the sun. 

In order to determine the horary points and the circumfe- 
rence of the dial, we must consider, that if the equator be 
projected upon the horizon of any place, it will form an ellipse 
whose conjugate or shortest diameter is equal to the sine of the 
latitude of that place. Let B M F (Fig. 36), therefore, be the 
equator projected on the horizon of a given place, so that A ilf, 
half the conjugate axis, is to A jS, half the transverse axis, as 
the sine of the latitude of that place is to radius. Then hav- 
ing described the semicircle B XII F^ divide the quadrants 
B X I ly and X 1 1 F^ into six equal parts for the hours, into 
12 for the half hours, and into 24 for the quarters, each hour 
being 15 degrees in the daily motion of the sun, each half hour 
7° SCK, and each quarter 3° 45', and from these points, from 
the point ///, for example, draw IIIC E parallel to A X 1 1^ 
or perpendicular to A By the point C where this line cuts the 
ellipse will be the horary point, and Z) C will be the three 
o'clock hour line when the stile is at Z>« 

As there is some difficulty, however, in describing an ellipse 
with accuracy, we shall shew how to find the horary points 
without describing this conic section. Take BC (Fig. 33) 
equal to the breadth of the dial, and having bisected it in A, 
draw A 12 perpendicular to B C, and equal to the sine of the 
latitude, A C being radius. Then upon the centre Ay with the 
distance A 12, describe the semicircle D 12 -F, and with the 
distance ^ J? the semicircle C H B. Divide the quadrant H B 
into six equal parts for hours in the points tw, n, o, py g, and 
the quadrant 12 £ into the same number of equal parts in 
the points a, i, Cy df, e ; and through a, by c, &c. draw all, 
b 10, c 9, &c. parallel io C B ; and through tti, w, o, &c. draw 
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ml, n 2, 08, parallel to HA ; — ^the points of intersection, 1, 
2, 8, 4, 6, wi 1 be the horary points, and will be in the drcum- 
ference of an ellipse. The horary points being thus known, 
it is tiot necessary to trace the ellipse, otherwise it might be 
easily done with the hand. If the divisions Hm^ mw, &c. 
are subdivided into half hours and quarters, or even lower, the 
corresponding points in the ellipse 13 J3 may be determined in 
a amilar manner 

In order to demonstrate that C is the horary point of three 
oVlock, and Z> C the hour-line when the sun is at his greatest 
north declination, we must find from the construction the angle 
C D Mj or the sun's azimuth, reckoned from the south, and 
see if the triangle PZS (Fig. 37), furnishes us with a si- 
milar expression of the angle Z, or sutfs azimuth. In Fig, 36j 
CH^ or its equal Ji £, is evidently the sine of the horary angle^ 
A B being radius ; and since CE or A H \& tjie cosine of the 
horary angle, in a circle whose radius is A Jf, or the sine of the 
latitude, we will have C E or AHz=z Cos. horary angle x Sin. 
lat. But according to the first part of the construction A Dziz 
Tan. declin. X Cos. lat. ; therefore D H, the difference between 
A D and A Hy will be = Cos. hor. angle X Sin. lat. — Tang, 
declin. X Cos. lat. ; and the tangent of the angle C D H or 

j-j^ will then be equal to 

Sin. Hor, Angle 

Cos, Hor. Angle ><i Sin. Latit. — Tang. DecL X Cos. Lat. 

Now, in order to find a similar expression for the axiglePZS 
(Fig. 37), let iS O be a perpendicular upon P Z; and the ones 
of the segments P O, Z O, will be reciprocally proportional to 
the angles at the base P and Z (Playfair's Spher. Trig. Prop. 
XXVII) ; that is, Sin. Z O : Sin. P0 = Tang. P : Tang. Z ; 

and therefore, Tang. Z = -^^V ^ p X yang. P ^ Sm.ZO= 

Sm. ZO 

Sin. PZ—PO^- Sin. P O X Cos. PZ— Sin. PZ X Cos. P O. 

Now, since Had. : Tang. = Sin. : Cosine, and since 

Cos. : Sin. = Had. : Tang, we have, by the rule of proportion. 

Sin. PO = Cos. POxTang. PO; and Tang. POrr ^""'^^ 

1 See Trail*8 Algehray Appendix, No. 6, (m the Arithmetic ofSinet^ theorem ii. 
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^. f S^^_PO Cos. FOX Tang. PO 

1 heretore, '^,.„ ^ q - Sin.POy.Cos.PZ—S%n.PZx.Cos.PO 

Dividing by Cos. PO we have 

Sin.PO _ Tang.PO ^'^ 

Sin. Z ~ Sin.POxCoi.PZ — Sin. P Z' 

Cos.PO 
Sin P O 

Tang. P0=2 ' , we shall have^ by substitution, 

Sin.PO Tang. P O 

Sin. ZO" Tang.POX Cos. PZ — Sin. P Z 
Again, by Playfair's Spher. Trigon. Prop. XXI, Cos. P : 
Bad. = Tang. P O : Tang. P Sj consequently Tang. P :=^ 
Tang. PS X Cos. P. Substituting, therefore, this new value 
of Tang. P O in its room, in the last equation, multiplying the 
whole by Tang. P, and dividing by Tang. P iS,* we shall have 

Tang. P X Sin. P O " Cos. P X Tang. P 

Sin.ZO "Cas^PZxCas. P — Sin.PZxCos. PS 

But since Tang. : Rad. = Cos. : Sin. ; Sin. P = Cos. P x 
Tang. P. By substituting Sin. P in place of its value, we 
shall have Tang. Z, or its equal. 

Tang. P X Sin. P Sin. P 

Sin.ZO '^ Cos. P X Sin. P Z — Sin. PZxCos.PS 

that is, by substituting the names of the symbols 

yr 2 = ^t«. Hor. Angle 

^' Cos. Hor. Ang. X Sin. Lot. — Tang. Dec. X Cos. Lat. 

which is the same expression of the tangent of the sun'^s azi- 
'^xnuth, or angle Z, as was deduced from the former construc- 
tion. 

The analemmatic dial being thus demonstrated, its construc- 
tion will be better understood by taking an«example. Let it be 
required, therefore, to construct one of these dials for latitude 
56 degrees north, which nearly answers to Edinburgh. Let 
A C (Fig. 33), be taken for half the breadth or radius of the 
dial, and let it be divided into 1000 parts, then A 13, which 
must be equal to the sine of the latitude, or 56 degrees, will be 
829, which are the three first figures of the natural sine of 56 
degrees in a table of dues. In order to find the points D, C, 
(Fig. 34) where the stile is to be placed at the solstices on the 

* Since the tangents are in the in?ene ratio of the ootangents, multipl^^g any 
number by the cotangent, is the same as dividing it by the tangent. 
VOL. II. C C 
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21st of June and December, take the tangent of 33* 28', the 
sun's declination at that time, and it will be 434, if the radius 
were A Q or 1000; but as the radius is the cosine of the lati- 
tude, which is 559, we must say as 1000 : 669 = 484 : 243, 
the length of A D and A C. On the 21st of February, April, 
August, and October, the sutf s declination is nearly 11* IQ', 
the tangent of which for a radius of 1000 is 200 ; but for a 
radius of 559, the cosine of the latitude, it will be 112, which 
is the distance of the stile from A on both sides on the 21st of 
the months already mentioned. On the 21st of January, May, 
July, and November, the sun's declination is nearly 20^ 8' the 
tangent of which, for the radius 1000, is 367 ; but for the ra- 
dius 559 it will be 205, which is the distance of the stile from 
A J on both sides, on the 21st of these months, the names of the 
months being inserted beside the points, as in Fig. 32, The 
horary points are now to be determined in the manner already 
mentioned, and the dial will be finished. In order to place the 
dial, we have only to turn it round till the stile of the analem- 
matic dial indicates the same hour with that of the horizontal 
one, and it will then be properly placed. 

Description of a New Dial in which the Roars are at Eqtud 
Distaiices in the Circumference of a Circle? 

With any radius describe the circle F X 1 1 B (Plate XI, 
Fig. 86), draw A XI I (or the meridian, and divide the qua- 
drants F X I ly B X 1 1, each into ax equal parts for hours. 
To the latitude of the place add the half of its complement^ or 
the height of the equator^ and the sum will be the inclination 
of the stile, or the apgle D A C» Thus, at Edinburgh, the lati- 
tude is 55° 58', the complement of which, or the altitude of 
the equator, is 34° 2' ; tlie half of which, IT' 1', being added 
to 56^ 58', gives 72° 59' for the inclination of the stile or the 
angle D AC. The position of the stile in the figure is that 
which it must have on the 21st of March and September, when 
the sun crosses the equator ; but when the sun has north de^ 
clination, the point A must move towards Z>, and when he is 
south of the equator, it must move in the opposite directioB. 
In order to find the position of the point A for any declination 
of the sun, multiply together the radius of the dial, the tangent 

' This dial was invented by M. Lambert, and is deflcxibed and demonstrated ia 
tlie Ephemtridea of Berlin, 1777, p. 200. 



of Is^ tbd h^^t oT d)^ ^u«jtor at tbie place for wlMi tbe 
diia} }» OQiiiajtiTucted, And the tangent of tibe sun's declination, 
and tbe p]:pdgictJ9f these three quantities, diTided by tbe square 
of ihi$ r^us of the tables, will giye the distance of the move* 
dbAe pd«it 4 &pm the centee of the circle FXIIB. 

Let it be i;eqwed, for example, to find the position of the 
fpint ^ OQ tiiie ^st of Decentber and June, when ibe decHna-' 
tion oS ibe sun is a maximum, or S3° 28", the racUus J JS of the 
dial being divided into 100 equal parts. 

Log. 100 = 2.0000000 
Log. Tang. 17^ 1' = 9:4857907 
Log. Tang. 23° 28' = 9j63761X)6 

Sum gl.l9Bi013 ;;:: Log. of product. 
From this logarithm substract 20, ^e logarithm of the square 
of the radius, and the remainder will be 1.1234013 = Log. 
%S*99* TaJke 13^ parts, therefore, in your compasses, and 
having set them both ways from J, the liQiits of the moveable 
$^tile will be marked out. 

For any other declination, the position o^ tji^ point J xwy 
be Ibund ^i a ainular manne^. It will be sufficjient in general 
tp de^termine it for ^^ decUn^on of the sun when be enters 
^acb sign, ^ud plaqe thes? positions on l;be ^ajl, as represented 
in Fig 32. 

THe jbngth of tli^e stile 4 A pr its perpej^dicular height 
JI£!, mvut always be of such a size ijbat i\s Miado(w ^lay reach 
the bpurs in the circle F ^ J f fi. F9r any di^liiuiticm cff the 
si|^, its length A C pepay be.detfBrminjed by pl^n trigonon^ry* 
^ ^11 is always >given, the incUnaUon of ih^ stile J^ AC U 
al$» known, the aqgl^ A.X I IC'is equal to tbe sun^s meridian 
altitude, and therefore tbe w^ole triangle ^ifBfiy be easily found 
in the common Fay, or by the foUow;ij;g tr^nomeuical for- 

^Mla Ir^^ 
^^11 . ^ 1 .1 ^Jr//X Sin. Mend. Alt 

AC ttn^ lenc th of the stile =± — ^ / 

^ . 5i9. aao» ~ Ang^of Stik + M^4. AU.) 

Notwitbstand^g tb?.siinplicxtyui.tbp<^n^ructi9n . 
pf this dial, the motion ^ tbe stUe is troiablesoi^e, ment upon 
and should if possiUe be avoided. Fcht this purpose ^^^ ^* 
Jibe id§a first 8ii^es|ed by th^ celebrate^ La .Grange 
will be of essential utility. He allows the stile to be fixed in 
the centre Ay and descrU)^s with^the radius A By circles upon 
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the different pomts where the stile is to be placed between A 
and Z>, and on the other side of -4, which is not marked in the 
iSgure. All these circles must be divided equally into hours 
like the circle F X 1 1 By and when the sun is in the summer 
solstice, the divisions on the circle nearest the stile are to be 
used ; when he is in the winter solstice, the circle farthest from 
A must be employed, and the intermediate circles must be used 
when the sun is in the intermediate points. This advice of La 
Grange may be adopted also in analemmatic dials. 



CHAPTER XXI. 

ON THE CAUSE OF THE TIDES ON THE SIDE OF THE KAETH 

OPPOSITE TO THE MOON. 

It has always been reckoned difficult for those unacquainted 
with physical astronomy, to understand why the sea ebbs and 
flows on the side of the globe opposite to the moon. This 
fact, indeed, has frequently been regarded, and sometimes 
adduced, by the ignorant, as an unsurmountable objection to 
the Newtonian theory of the tides, in which the rise o£ the 
waters is referred to the attraction of the sun and moon. From 
an anxiety to give a popular explanation of this subject, Mr. 
Ferguson has been led into an error of considerable importance, 
in so far as he ascribes the tides on the side of the earth oppo- 
site the moon, to the excess of the centrifugal force above the 
earth''s attraction.^ It cannot be questioned, indeed, that the 
earth revolves round the common centre of gravity of the earth 
and moon, at the distance of nearly 6000 miles from that 
centre ; and that the side of the earth opposite the moon has a 
greater velocity, and consequently a greater centrifugal force 
than the side next the moon ; but as the ^de of die earth 
farthest from the moon, is only 10,000 miles from the centre 
of gravity, it will describe an orbit of 31,415 miles in the 
space of 27 days 8 hours, or 6^6 hours, which gives only a 
velocity of 47 miles an hour, which is too small to create a 
centrifugal force, capable of raising the waters of the ocean. 
The true cause of the rise of the sea may be understood 

» See Vol. I, p. 35. 
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from Plate XI, Fig. 88, where A B C is the earth, O the com- 
mon centre of gravity of the earth and moon, round which the 
earth wUI revolve in the same manner as if it were acted upon 
by another body placed in that centre. Let A My B N^ C P, 
be the directions in which the points Ay B, C, would move, if 
not acted upon by the central body ; and let Bbn h^ the orbit 
into which the centre B of the earth is deflected from its tan- 
gential direction B N. Then since the waters at A are acted 
upon by a force, as much less than that which influences the 
centre of the earth, as the square O B is less than the square 
of O Ay they cannot possibly be deflected as much from their 
tangential direction A My as the centre B of the earth ; that 
is, instead of describing the orbit A m, they will describe the 
orbit e a. In the same manner, the waters at c being acted 
upon by a force as much greater than that which influences the 
centre B of the earth, as the square oi OB exceeds the square 
of O Cy will be deflected farther from their tangential direc- 
tion than the centre of the earth, and instead of describing the 
orbit cpy will describe the orbit hcL 

As the earth, therefore, when revolving round the centre of 
gravity O, will be acted upon by the moon in the same way 
as by another body placed in that centre, it will assume an 
oblate spheroidal form ahc ; so that the waters at c will rise 
towards the moon, and the waters at a will be left behindy or 
will be less deflected than the other parts of the earth, by the 
lunar attraction, from that rectilineal direction in which all re- 
volving bodies, if influenced only by a projectile force, would 
naturally move. 
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TABLE OF SFSCIFJC 6&AV1TISS. 



Acacia, inspissate, juice of, 1.5158 
Acid, nitric, - - 1.2715 
nitric, highly concen- 
trated, - 1.583 
muriatic, - - 1.1940 
red acetous, - 1.0251 
white acetous, - 1.0135 
distilled acetous, 1 .0095 

r 1.007 
acetic, . - 1 1.0095 

sulphuric, - 1.8409 

highly concent'. 2.125 
fluoric, - - 1.500 

phosphoric, liquid, 1.417 
solid, 2.852 
citric, - - 1.0345 
arsenic, - - 3.391 
of oranges, - 1 .0 1 76 
boracic, in scales, 1.479 
do. melted, - 1.803 
molybdic, - 3.460 

benzoic, - 0.667 

formic, • - 1.11 
Agalinatoliie - 2.800 

Agate, onyx, - - 2.6375 
Mocha» « 2.5891 

Alabaster of Viaentiit 2.638 
of Malaga, pink, 2.8761 
Alcohol, absolute, LotvUz 0.791 
15 partd, Watbr 1 part 0.8527 
8 8 0.9427 

1 15 09919 

Alder-wood, Muschenbr. 0.8000 
AUanite, Jardine 3.665 

Aloes» hepatic, - 1.3586 

socotrine, - 1.3795 
Alouchi, odoriferous gum, 1.0604 
Alumine, sulphate of, \ 

Muschenbroek 1.7140 
Amber, yellow transp^ 1.0780 

A u f 0.7800 

Ambergris ^^^^^^ 

Amethyst, common. See 

Rock crystal - 2.750 

Amianthus, long, • O.9O88 

short, - 2.3134 

Ammonia, liquid, - 0^8970 

muriate of, Muschenh.lA5S0 



Analcime 



{2.0 
3.0 
Andalusite, or hardspar, 

Hauy 3.165 
Anhydrite, or Muriaeite, 2.95 
Anime, oriental, -* 1.0284 
Anthophyllite - 3.20 

Antimony, glass of, 4.94^4 

in a metallic state / 6.624 
fused - \ 6.S60 
Aplome - - 3.45 

Apple-tree, wood of the, 

Muschenbroek 0.7930 
Arctiihe, or Wernerite, 

Dondrada S.GOd 
ArgillHe, or slate day, / 2.600 
, Kim>an \ 2.680 
Amotto - - 0.5956 

Arragonite, Mains ^.946S6 

Asbestinite, Kirtoan < 9 o^q 

Asbestos, mountain ( O.68O6 

cork, Bergman \ 0.9933 

Ash trunk, Muschenbroek 0.8450 

Asphaltum, cohesive < a ()60 

compa<Jt - |jjg5 

Assafoetida - 1.3275 

Aventurine, semitraiisp^^ St.6667 
AugiteorPyrox^tielTcif/jf 3<226 
Automalite, Gahnite, Or 

Fahlunite - 4.200 

Axinite, or Thumer- / 8.213 
stone, Hauy \ 3.296 

Azure stone, or lapis la^. 

zuli, Briuon 2.7675 

Barytes, sulphate of, na- 
tive, Malus 4.48141 

carbonate of, native>< /ooo 

Basalt, from the Giant's 

Causeway, - 2.864 ' 

Bay tree, Spanish, Musch. 0.8220 
Bdellium - - 1.1377 

Beech-wood, Muschenbr. 0.8520 
Bees' wax, yellow - O.965 
Benzoin, - - 1.0924 
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Beryl^ or aquamarine J 2.650 

Werner \ 2-759 
Bismuth^ native, Kirwan 9.570 
in 41 metallic state, V 9*756 
fosed, - ( 9.822 

Black-coal, pitch coal, 

Wiedemann 1.308 
cannel do. LaMetherie 1.270 

Blende, yellow, ^^^^"{4,04,0 



Blood, human. 
Boles, - Kirwan 



Jurin 1.054 
r 1.400 
1 2,000 

Boracite, Westrumb 2.566 

Borax - - - 1.714 
Bpurnonite - - 5.576 
Boxwood, French, Musch.O.gi^O 
Brass, common cast, 7>824 

wiredrawn, - 8.544 
cast, not hammered, 

Brisson 8.395 
Bronzite - - 3.20 

^^^^^ - - 12.000 

Butter - - 0.9423 

Cachibou, gum - 1.0640 

Calamine, . Brisson 3.525 

Campeachy wood, or log- 
wood, Muschenbroek 0.9130 
Camphor, - - O.9887 
Caoutchouc, elastic gum, 

or India rubber, - 0,9S35 
Caragna, resin of the Mex- 
ican tree caragna, 1.1244 
Camelian, stalactite, 2.5977 
pale, - - 2.6301 

Cat's eye, Klaproth < ^^^^ 

Cedar treej American, 

Muschenbroek 0.5608 

Indian, „ 1.3150 

Cement, Roman, cast 1.600 
Cerite, - - 4500 

Ceylanit^, or Pleonaste, / 3.765 

Hauy \ 3.793 
Chabasie - - 2.718 

Chalcedony, bluish, 2.5867 

reddish, - 2.6645 

^'••>'^' - - {l:ln 

Charcoal, from birch, 0.542 



Charcoal, from pine, •» 0.280 
Cherry-tree, - 0.7150 

Chrysolite of the jewellers, 

Brisson 2,782 
Chrystalline lens, - 1.100 
Cinnabar, dark red, from 

Deux- Fonts, Kirwan 7'7S6 
Cinnamon-stone - 2.6 

Coak, . - - 0.744 
Coal, common - 1.27 

Kilkenny - 1.526 

Cobalt, in a metallic i 7*645 
state, fused, - 1 7-811 
Cocoa wood, Muschenbr. 1.0403 
Coccolite, Dandrada 3.316 

Columbium, Hatchet 5.918 

transparent, - 1.0452 

Copper, native, Kirwan \ I'oqq 

^ . . rhexahedral 2.549 
arseniate I ^ i, 1 1 ^ 00 
P -< octahedral 2.88 

^'' ttriliedral 4.2 

drawn into wire, 8.878 

fused, - - 7.788 

Cork, Muschenbroek 0.2400 

Corundum of India, 

Klaproth 3.710 

Cyanite, Sappare, or Dis- 

thene, Saussure,jun, 3.517 

Cyder - . - 1.0181 

Cymophane, <» Chryso- C 3.600 

beryl, Werner (,3.720 

Cypress wood, Spanish, 

Muschenbroek 0.6440 

Datolite - - 2.98 

D,p^ - - {tS. 

Diamond, oriental, colour- 
less, - - 3.5212 
orange coloured, 3.5500 
Dragon's blood - 1.2045 

Earth, common - {i QgA 

loamy - - 2.016 
Ebony, Indian, Muschenb. I.2090 
Elder tree, „ 0.6950 

Elm trunk, „ O.67IO 

Emerald, Gahn and { 2.673 

Berzelius \ 2.683 

Ether, sulphuric, {^'- 2; Jjf 
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Ether, nitric^ - - O.9O88 Gas, 
muriatic, - - O.7296 
acetic, - - 0.8664 
Eudase - Hatry 3.0625 

Euphmrbiom, gum - 1.1244 
Fat of beef - - 0-9282 
Felspar, fresh, Hauy 2.438 
Filbert tree, Muschenbr. O.6OOO 

0.5500 
f 2.250 
12.1 



Fir, male, 
Flint 
Gabbronite 
Gadolinite 



» 



630 

2.9 

00 

20 
1.2120 
1.2220 



54. 
^4. 



Galbanum, gum 
Gamboge 
Garnet, precious, of Bohe- 
mia, - KlaprUh 4.085 
common, Werner 3.576 
Gas, atmospheric,* or com- 
mon air, - - 1.000 
phosgene, or chloro- 

carbonic gas, Davy 3.3888 
nitrous acid gas, cal- 
culated. Gay Lussac 3,176 
Sir H. Davy, 2.427 
vapour of sulphuret of 

carb. Gay Luseac 2.6447 
sulphuric ether „ 2.5860 
iodine, calculatd. „ 
hydriodic ether 
oil of turpentine 
hydriodic acid gas 
fluosilicic acid gas, 

John Davy 3.5737 
chlorine, Lussac and 

Thenard 2.470 
euchlorine, Sir H. D. 2.409 

Gay Lussac 2.3144 
fluoboracic gas, Davy 2.3709 
vapour of muriatic 

ether, Thenard 2.219 
chloro-cyanic vapour 

Gay Lussac 2.111 



>» 
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8.6195 
5.4749 

5.0130 
4.4430 



sulphurous acid. 

Sir H. Davy 2.193 
Lussac Sj' Thenard 2A204f 
vapour of alcohol, Dalian 2.1 
absolute alcohol. 
Gay Lussac 1.613 
cyanogen, „ 1.8O6 

nitrous oxide, or pro- 
toxide of azote, 

Sir H. Davy 1.614 
Colin 1.5204 
carbonic acid, Saussure 1 .51 8 
Allan and Pepys 2.524 
Biot and Arago 1.51901 
muriatic acid, or hy- 
dro-chloric gas. 

Sir H. Davy 1.278 
Biot and Arago 1.2474 
sulphuretted hydro- 
gen. Gay Lussac 

and Thenard I.I912 
Sir H. Davy 1.777 
oxygen, mean, 1.104 

Saussure 1.114 
Kirwan and Lav. 1.103 
Biot and Arago 1.0359 
AUanandPepys 1.227 
nitrous gas, or deut- 
oxide of azote, 

. Berard 1.0388 
Sir H Davy 1.094 
olefiantgas, Theodore 

Saussure 0.97804 
azote, Biot 4* Are^ 0.g69l3 
carbonic oxide, 

Cruickshank O.9569 
hydrocyanic vapour. 

Gay Lussac 0.9476 
posphuretted hydro- 

ghen. Sir H, Davy 0.870 
steam, - Tralles O.6896 
Gay Lussac 0.62349 
ammoniacal. 

Sir H. Davy 0.590 






* The speciOc gravities of the gases aie taken from Biot*s Traiti de Pi^siquey 
torn, i, p. 383 ; from Gay Lussac^s Table in the Annalta de Chimie tt de Phynque^ 
vol. i, p. 218; and from Thomson *8 Annala of Pkiloaopky, vol. i, p. 118. The 
measures for the gases, taken by MM. Biot and Arago, are calculated from. Biot's 
iotmulsB. They are given in relation to atmoispheric air, which is supposed to be unity. 
'^ Their relation to water is easily computed. 
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Gas, ammoniacal 

Bia and Arago 0.59669 
carburetted hydro- 
gen, Thomson 0,655 
Sir H. Davy 0.491 
Crvickshank 0.678^ 
BaUon 0.600 
arsenical hydrogen, 

Tromsdorf, Dalion 0.529 
phosphuretted ditto, 

Hauy 0.852 
Sir H. Davy 0AS5 
hydrogen, Thomson 0.073 
Sir H. Davy 0.074 
Biot and Arago 0.072098 
Gehlenite, - Fuchs 2.78 
Girasol, - Brisson 4.000 
Glass, crown of St Louis, 

Cauchoix, Biot 2.487 
flint of M. Dartigues, 

Cauchoix, Biot 3.20 



flint used by Mr 


'3.192 


Tully for his 


3.334 


achromatic te- 1 


3.354 


lescopes, ^3.437 


Glauberite - - 2.700 


^ ij -.• (17.00 
Gold, native - \i9.OO 


pure, of 24 carats. 


fine, fused, but not 


hammered, Hany 19.2587 


Granite, red Egyptian 2.6541 


Gravel, - . - 1.749 


Gum, Arabic - 1.4523 


tragacanth - ^ 1.3l6l 


• seraphic - " 1.201 


cherry tree - 1.4817 


Bassora - - 1.4346 


Acajou - - 1.4456 


Monbain - 1.4206 


Gutte - 1.2216 


ammoniac - 1.2071 


Gayac - - 1.2289 


liquid, from Botany 


Bay, Thomson I.I96 


lac - - 1.1390 


anime. Eastern / 1.0284 


Western 1.0426 


Gunpowder in loose heap 0.922 


solid - 1.745 


Gypsum, cuniform, crys- 


tallised 


2.3060 



Harmotome, or crossstone 2.3333 
Hazel, Muschenbroek O.6O6 
Hau3me, or Latialite, 3.20 
Heliotrope, or Blood < 2.629 
stone, Kirwan (2.700 

Hematites. See Ironstone 
Hone, razor, white 2.8763 

Honey - - 1.4500 

Hornblende, common f 3.600 

Kirwan 13.830 

Homstone, or petrosilex -{Q'g^tt 

Hyacinth^ - Karsten 4.000 
Jade, or Nephrite, white 2.9592 
red . - 2.6612 

J-'»«. ", - IS 

Jet, a bitumin. substance 1.2590 
Indigo - - 0.7690 

lolite, or Dichroite 2.56 

Iridium, ore of, discovered 
by Mr. Tennant, 

WoUaston 19.500 
Iron, native, meteoric 6.4^ 
chromate of, from the 
Uralian mountains, in 
Siberia, Lauguier 4.0579 
arseniate of - 3.000 

frised, but not hammer .7*200 

forged into bars | ^'^^ 

pyrites, dodecahedral 

Hatchet 4.830 
magnetic 4.200 to 4.900 

ore specular, Kirwan \ e'To^ 

Ironstone, red, ochry 

Wiedemann 2.952 
Iron, native (Heleachen 

mass) - - 6.723 

Iserine, an oxide of tita- 
nium from the Iser in 
Bohemia - - 4.500 
Juniper tree, Muschenhr, 0.5560 
Ivory, dry - - 1.8250 
Ivy gum, from the hedera 

terrestris * - 1.2948 
Kefiekil or Meerschaum, 

Klaproth I.6OOO 
Labdanum, resin - 1.1862- 
Lapis nephriticus - 2.894 
Laumonite - - 2.20 



8»4 

Lmffiioiilte, IhnD Der« 1 6.565 
^jihire, Waiion {7'7»6 
trjataUked, Britmm 7*587 
ImA, Fischer, WoUtuUm ll.d52 
arsenuite of 5.00 to 6.40 
carbonate of 6.0a to 7-20 
muriate of - 6.00 
iftilphate of - - 6.3 
ehromate of - 6.00 
acetate of, Muschenbr.2.3953 
Lemon tree» „ 0,703$ 

Le^dolite lilalite, Klaprolh 2.816 
Leucke or Amphigene ( itA55 

Klaproik \2.490 
LigiMttn vit«, Mu3ckenbr. 1.3330 
Ijime, quick - - 0.843 

Ldmestone^ compact 12.7200 

Linden wood^ Mmchefi. 0.604 
Litbomarge • 2.50 

Logwood, or Campeachy 

wood, Muwhenbr. O.9I8O 
Made - - 2.9444 

Madder roo^ Muwchenbr. 0.7650 
Mahogany - - I.O68O 
Magnesia, native, hydrate 

of - - 2.SS6 

Magnesite, or carbonate 
- of magnesia -* - 2.200 
Malachite Brisson 3.572 

Manganese Bergman 6.850 
grey ore of, stri* f 4.249 
ated, Brisson (4.756 
Maple wood, Muschenbr. 0*7550 
TLT ui (2.580 

Marble - - [^^^ 

(1.600 
' . " " 12.870 
Mastic gum • - 1.0742 
Medlar tree, Muschenbr. 0.9440 
Meionite - - ^ 3.10 
Melanite, or black gar- 
net, - Karslen S.69I 
Mellite - Hauy 1.586 
Menachanite, Lampadius 4.270 
Mercury at S2*> of heat 13.61 9 
at 600 - - 18.580 
. at212o . - 13.375 
solid state, 40° below 

OFahr. Bid^ 15.612 
in a fluid state, 47^ 

above 0, Biddk 13.545 



smcurjc gbavitus. 
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Mercury, native^ Haaiy 13.5681 
MescAype - - 2.0833 
Milk, woman's . \.0203 

ass's, - - 1.0355 
cow's, - - 1.0324 
Minend pitch, elastic, or f 0.905 
asphaltum. Hatchet \ 1.233 
tallow, - - 0.770 

Molybdena in a metallic 
state, saturated with 
water» - - 7.500 
native, - Kirwan 4.084 
Mortar . - 1.715 

Mulberry tree* Spanish, 

MuscheHhrwk O.897O 
Myrrh * - 1.3600 

Natrolite, Swedish, 12.779 

Thomsm 12.790 
Nuphtha - - 0.8475 

Nepheline, or Sommite 

Hauy 3.2741 
Nickel in a metallic r 7-421 



state 



{«. 



500 



Nickel, ore of, called Kup- 
* femickel of Saxony 6.648 
Nigrine, or calcareo-sili- 
ceous titanic ore, 

Vauquelin 3.700 
Nitre, Muschenbroek I.9000 

Oak, 60 years old, heart 

of, Muschenbroek 1.1 700 

Obsidian - • 2.348 

Octohedrite - Hauy 3.857 
Oil of filberts - O.916 

walnut - - 0.92 
hemp-seed - 0.9258 
poppies - 0.9238 

rape-seed - O.9193 

lint- seed - 0.9403 

poppy-seed - 0.929 

whale - - 0.9233 

ben, a tree in Arabia, O.91 19 
beechmast - O.9176 
codfish • 0.9233 

olives - - 0.9153 

almonds, sweet O.917O 

volatile of mint, com. 0.8982 
sage - - 0.9016 
thyme - 0.9023 

rosemary - 0.9057 
caiamint » 0.911^ 
cochlearia, m 0.9427 
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Oil, volatOe, of W«intt#ood0.9078 

ttmy - - 09^28 

Strngan * 0^99^9 

Bomcui camomile 01.8943 

sabine * a9Sd4 

fennel - O.9294 

fennel-seed - 1.0083 

e^driander-seed 0*S656 

carra way-seed 0.904^ 

dilUe«d . 0.91^8 

anise^se^d - 0^9867 

juniper'^seed 0.8577 

cloves *- 1 •0365 

dnnamon - 1.0439 

turpentine 0.8697 

amber - 0.8865 

flowers of orange 0.8798 

lavender - 0.8938 

hyssop - 0.8892 

Olibafium gum - 1.17^2 
Opal, preclous,^/ttmen5acA 2.114 

common, Klaprotk {o 015 

Opiutti - - 1.3365 

Opopoitajt - - 1.6226 
Orange tree, Muschenbr. 0.7059 

Orpiment, Kirwan | J^^^ 

Osmium Iridium, alloy of, 19.5* 

Palladium * *• 11*8 

Pear tree, MtUchenhroek O.66IO 

P^afld, oriental -* 2.683 

Peat, Edinburgh, Thommm O.6OO 

Peridot, or Olivine 3 428 

Peruvian bark - 0.7849 

Pewter * - 7.248 

Phosphorite, or Spargel 

stone, whitish, from 

Spiun, before absorbing 

water - - - 2.8249 

Pinite, - Kirwan 2.98O 

Pitch - - - 1.150 

Pitch-stone, black Brisson 2.0499 

' Plaster, cast - - 1.286 

Platina, - Klaproth 20.722 

drawn into wire 21.0417 

a wedge of, sent by 

Admiral Gravina 

to Mr. Kirwan 20.663 

(15.601 
naUve . [^^ ^^ 
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Pktina, comfM^ssed by s 

flatting mill - 23.06d 

Plum-tree, MH$chaAraek a7850 
Plumbago, or graphite, i 1.987 

Kirwan 12,267 
Pomegranate tree, Musck, 1.3540 
Poplar wood, „ 3830 

Porcelain from China 2.3847 
Porphyry, green - 2.676O 
Potash, carbonate of 1.45^ 
muriate of, Muschen* 1.8365 
sulphate of - 2.2980 
Pcrtissium at 15° centigrade^ 

Oatf Lussac ^ Thenard 0.97223 
Potstone . 2.80 to 3.00 
Prehnite of the Cape, Hauy 2.697 
Pumice stone - 0-9145 

Puzzolana - - ^^'^ 

Pycnitc, or shorlous beryl 

Hauy 3.5145 
Pyrope, - Klaproth 3.718 
Pyrophysalite, - 3.450 

Realgar, or red orpiment 

Bergman 3.225 
Rock crystal. Mains 2.63717 
Ruby, oriental - 4.2833 

spinelle - 3.76OO 

Rtttile, - Hauy 4.102 

Sahlite, - Dandrada 3.234 
Sand^ river - - 1.886 
pit, fine - 1.523 

Sapphire, oriental, white 3.991 
Brazilian or occi- j 8.994 
dental, Hauy 14283 
Sarcocolla - - 1.2684 
Sardonyx, pure, Brisson 2.6025 
Sassafras, Musohenbroek 0.4820 
Sai^ftsurite, - - 3.260 
Scapolite, or Paran- (3.6800 
thine, Dandrada \3.7000 
Serpentine, green, Angle- 

gey • - - 2.683 
Shale - - - 2.6 
Silver, red, orruby, Brisson 5.564 
native, com. Gellert 10.000 
shilling of Geo. III. 10.534 

^^^® " " \2'.888 

Soda, sulphate of, ilftt^c^. 2.2460 
muriate of, „ 2.1250 
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Sodalite - Thomson 2.376 
' Sodium^ at 15o centigrade, 

Guff Lussac ^ Thenard 0.86507 

Spar, fluor, red, or false 

ruby - . . 3.1911 

octohedral - 3.1815 

Spennaceti • - 0.9433 

Spodumene, or tripbane 

Hauy 3.19S3 
Steel, Mtuchenbroek 7-767 

soft • - 7*8331 

bammered « 7-8404 

Stilbite ... 2.50 
Stones. (See this vol. p. 250.) 



Stone, sand, paving 

grinding 

Portland 
Storax 

Strontian, sulpbate of 

Hauy 

carbonate of, Hauy 

Sugar, white, Muschenbr, I.6O6O 

Sulphur, native Hauy 2.0332 

'fused - - 1.9907 



2.4158 
2.1429 
2.496 
1.1098 
(3.583 
13.958 
C 3.658 
13.675' 



Tabasbeer, opaque, dry 2.059 

wet 2.412 
transparent, dry, wet I.396 
Talc, indurated - 2.90 
Tallow ... 0.9419 

Tantalite - Ekeherg 7-953 
Tantalium metal, Berzelius 5.6l 
in large masses, 
GoAn and Berzelius 6.291 

TeUurium, native ]^'1^^ 

CO. 10 

yellow - - 10.6 

Tile, common - 1.858 

Tin, pure, from Com- 17. 170 

wall, fused, Watsoa \ 7.29I 



stone 



r'^jj^i i 6.300 
^^^^' \6.989 



Titanite, RutUite, or 

Spbene - Hauy 4.102 
Topaz, oriental - 4.0106 

Brazilian - 3.5365 

Tourmaline, green, Hauy 3.362 

TremoUte - - ||| 

Tungsten Klaproih 5.570 

Turbeth mineral - 8.235 
Turpentine, spirits of, 0.870 
Turquoise, ivory tinged 12.500 
by blue calx of copper 12.908 
Ultramarine Desormes 

and Clement 2.360 
Uran glimmer, or Uranite 2.19 
Uranium - - 7-500 

TT • I. f 1.015 

Urme, human - }^^^^ 

Vesuvian Wiedemann 3.575 
Vinegar, red Muschenbr. 1.0251 

Walnut tree of France 

Muschenbroek 0.6710 
Water - - - I.OOO 
Wavellite, or hydrargillite 

/ Davj^ 2.7000 

Wax, bees - - 0.9648 
WiUow Muschenbroek 0.5850 
Wolfram - Gmelin 5.705 
Woods of different kinds. (See 

this vol. p. 251-255.) 
Yew tree, Dutch, Jftt^Aen.0.7880 

Spanish, „ O.8O7O 

Yttrotantalite, Ekeberg 5.130 
Yttrocerite, Gahn and 

Berzelius 3.447 
Zinc, pure and compress^. 7*1908 

sulphate of, MuschenASOOO 

Zircon, or Jargon^Hauif {j^A^fii 

3.26 
.31 



Zoisite Klaproih \ ^\ 
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Absoluts fall of water, page 15. 

Achromatic telescope, 309. Object-glass, 
double,' 312. Tables of their radii, 
317. Triple, 313. Tables of their 
radii, 315. Eyepieces, 323. For- 
mulas for, 324, 325. 

Amootons on friction, 149. 

Analemmatic dial, 381. 

Anemometers, 76. 

Animals, on the strength of, 2. 

Axles, on the friction of, 163. 



B 



Backwater, how to keep it off from wheels, 

63. 
Balance, torsion, 234. 
Ball and socket, 182. 
Balloons, on the principles and conitmc- 

tionof, 278. 
Barker's water wheel, various improye- 

ments upon it, 60. Effect ct^ 63. 
Beatson on wind-mills, 86. 
Besant's undershot wheel, 44. 
Bevelled wheeb, on the formation of their 

teeth, 135. 
Blowing machine, 285. 
Bramah*B hydrostatic press, 292. 
Breast wheds, 45. 
Bulfinger on friction, 149. 
Bums* overshot wheel, 55. 



Camera obscura, improvement upon it, 
331. 

Capstane, description of a simple and 
powerful one, 261. 

Carriage wheels, 210. Conical rims dis- 
advantageous in, 219. Inclination of 
spokes disadvantageous, 215. 

Cassegrainian telescope, 300. Table for, 
302. 

Condenser of foicest 199. 



Conical pendulum, 96. 

Coulomb on wind-mills, 68. On fric« 
tion, 153. On the strength of men, 
2. On torsion balance, 235. On ela- 
sticity and cohesion, 241. 

Course of discharge, 13. Of impulsion, 
ib. 

Cranks, single and double, 181. 

Crown wheds, 177- 

Cydoids, on the formation of, 140. 

Cylindrical wheds and pinions, 176. 



Dial, Analemmatic 381. Lambert's, 

description of, 386. 
Dichroscope described, 333. 
Diving beU described, 281. 
Dollond*s achromatic eye-piece, 327* 
Double microscopes, 296. 
Double com-milk, 42. 
Double overshot wheel, with a chain of 

buckets, 57* 
Double refraction of light, 345. 
Dynamical units explained, 7- 



E 



Elastidty, on the force of, 229. 
Elements of machinery, 176. 
Engine, steam, 89. Water-blowing, 285. 
Epicydoids, exterior, method of forming 

them mechanically, 138. Greometri- 

cally, 140. Interior, 13. Spherical, 

136. 
Euler on wind-mills, 73* On friction, 

150. 
Eye-pieces, on achromatic ones, 324. 

Single, 328. 



F 



Finder, a new one for Newtonian tele- 
scopes, 304. 

Float-boaids, number of, 18. Size of, 
20. ^ Position of, 21. 
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Flnid objectflBM, Dr. Blair*f, 323. 

liy.wbeds, on the natUTe and opcntion 
of, 194. How they become regula- 
ton of machinery, 196. How they 
become accumulaton of power, 197* 

friction, how to find the momentum of, 
in wind-milU, 75. Nature and effect! 
of, 148. Amonton*8 observations upon, 
149. Bulfioger*s, ik- FarentV, 169. 
£uler*s, ib. Ferguson's, 161. Bos- 
iat*s, i6. Yince*s, 162. Coulomb*s, 
163. Method of diminishing the effecU 
of, 173. Wheels, ib. Of axles, 1G3. 
Of ropes, 166. Of pivots, 169. 



Locking and unlocking madiinery, appa- 
zatus for, 179.. 



M 



G 



Gas,' on the manufacture of for illumina- 
tion, 271. Apparatus for ml, 273. 

Glass grinding, method of, 338. 

GicfCviMi t^esoopei, 300. Table for, 
301. 

Grinding lenses, me^Od of, 338. Spe- 
cula, 341. 

Gudgeou, fwm and sUe of* 84. 



H 



Hertcfa«I» Mr. on acliiQioatic obfact- 
glasscs,322. On tingle eye>.pieQsa, 328. 

Herschel*8 teleaoopflA, 904, 307. 

High pressure enginea, 107* 

Hookers univeisal jcantj 182. 

Horizontal mills, 38^ 

Horses, way in which they draw, 224* 
Method of n^uiatiiig tMr aoOon, 20i«. 
Power of, 1 1. 

Hydraulic ram* 288. 

Hydrostatical pjreu, Bian)«b*s» 292* 



Machine, water-blowing, 285. 
Machines, on the nuizimum effect of, 204. 

On the elements of, 176. Thrashing- 

machinea, 207- 
Materials, on the strength of, 244. 
Maximum effect of madiinea, 204. 
Mechanical agents, 1. 
Men, on the strength of, 2. 
Microscopes, tingle, 294. Tables for, 

296. Compound, ib, 
MiU-course, oa the oonatruction of it, 12. 
Mills, on the perfonoaoce of undershot, 

28. Horizontal, 38. Doable, 42. 

Breast, 46. Oveiabot^ 47* 
Millstone, on the formation, size, ani 

vetoctty of it, 24. 
Millwrights* tables, detctiptioa of two on 

new principles, 31-36. 
Montgolfier's hydraulic ram, 288. 
Motion, ccmtafavcw for .tr^o^Cei^g it, 

183. 



«r 



Newtonian telescopes, 303. Table for 
their apertures, ^. 306. A new 
finder for, 304. 



O 



Overshot wheels, foimajtion of Hnmt bii^* 
e^48. Velocity of, M. TakAe for* 
63. Borda*s ob8ervatio.n8 upon, ib, 

Orevshot qmUs, 67. fowe^ i)f> 58. J^er- 
foromMeii^ 69. 



/Indicator of a steam eoguu^ lOh 
IXQUy caat and maUeahlfi, .wtheabreiigth 
of, 256, 266. 



K 

JBjdeidpso^pe deffcpbed, 836. Tebw^o- 
pic, 337. 



Lagaroust, lever ofy 180. 

JLambert^s dial, description of, 386. 

JLamp, «B(fMy4 for lighting mj^es, 279. 
Without flame, 278. 

X«eQ4es, m^od of grinding and polic- 
ing them, 338. 



Parachute invented by Garpqnp^ 28L. 

Parallel motion, 100, 199. 

Parent ofi irindmill«, 6% 

Parent on friction, 1 50. 

Phantasmagoria, 323* 

Polarisation of light, 349. ^y ccyst^, 
ib. By reflexion, 350. fiy refrac- 
tion, 355. By {»re8^ure, 371. By 
metals, 372. 

;Brefl«e8, on the f^miirtictiaii of .JNot ones^ 
265. 

Pi!e88, Mr. Wells* new pvintiDg one, 264 

Bramah*s hydrostatic Q9iti 192. 
Pivots, feno and si^eandfrkt^nof, 16^ 
Prony'a cond^ser of fofcM, )\99* 

E 

Refraction, doui4i^ 346. 
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Bagwheek, 17& 

fiackwork, method of fonning its ted]}, 

124. 
lUin wind, cause of it, 267* 
Ram, hydraulic, 288. 
Ramiden'a achromatic eye-piece, 327* 
Reflecting telescopes, 300-309. Tables 

for, 301, 302, 308. New one, 307« 
Refracting telescopes, 298. Table for, 

300. 
Relative fall of water, 15. 
Regulation of machinery by fly-wheels, 

194. 



S^ 



Safety lamp, for lighting mines, 275. 

Samuel*s apparatus for legnlatiDg the ac- 
tion of horses, 201. . 

Screws, endless, 180. 

Single microscopes, 294. 

Smeaton^s maxims on undershot mills, 30. 

Smeaton on windmills, 80. 

Smeaton*8 oyersliot wheel, 54. 

Specific gravities, table of, 390. 

Specula, method of casting, grinding, and 
polishing, 341. 

Spur wheel, formation of, 21 • 

Steam-engine, 89. Watt*s, 91. Steam- 
gage, 101. WoolfF^s improTcments 
on, 104. High pressure engine, 1^. 
On the power of, and the method of 
computing it, 109. 

Steam boats, history of, 112. Descrip- 
tion of, 116. Carriages described, 118. 

Steel, on the strength of, 245. 

Stones, on the strength of, 250. 



TeeCh of nckwbric, idetfiod itf toniBg 

them, 124. 
TeiDOQieiBr, SX^veseade^s, 230. New 

mediamcal one, 231. Chfomatic, 232. 
Telescopes, achromatic, 309. Reftaicting, 

298. Table for, 300. Gregorian, sfr. 

Table for, 301. CasMgrainian, 300. 

Table fcur, 301. Newtonian, 303. 

Table fat, 306. New reflecting one, 

307. Herschel's, 304, 306. DoUond^s, 

310. With fluid object-glasses, 323. 
Thrashing machines, 267* Driven by 

water, 268. Driven by horses, ib. On 

the power o^ 271- 
Tides, on the cause of the, 388. 
Timber, on the strength of, 251. 
Traction, on the line of, 222. 
Trundle, formation of, 125. 
Torsion, on the force of, 227, 234. 



U 



Undershot water wheels, construction of, 
11. Table of the number of float- 
boards in, according to Pitot, 18. ' 

Undershot mills, on the performance of 
them, 28. 

Undendiot wheel, Besanfa, 44. At 
right angles to the stream, 45. 

Univezval joint, Hookers, 182. 



Table of the strength of men, 8. Of the 
strength of horses, 11. Of materials, 
244. Pitches of wheels, 146. Cou- 
lomb^s experiments on the friction of 
axles, 165. Of the number of float- 
boards in undershot water wheels, ac- 
cording to Pitot, 18. For uifllwrighte, 
constructed on new principles, 31-35. 
For breast mills, 46. Of experiments 
on overshot mills, 53. Of the velocity 
of thrashing machines, 269. Of the 
power of thrashing machines, 271* 
For refracting telescopes, 300. For 
Gregorian telescopes, 301. For Cas- 
segrainian telescopes, 302. For New- 
tonian telescopes, 306. Of specific 
gravities, 390. 

Tables for achromatic telescopes, 315. 
For single microscopes, 296. 

Teeth of wheels, method of forming them, 
119. Method of disposing them, 138. 



Tdves, OB ihe oonstruetion of, 97* Safety, 

98. 
Velocity of water, method of measuring 

it, 37.^ Wind, metliod of measuring 

it, 76. 
Yerrier^s windmill, dcscriptioB of, 64. 
Vince on friction, 152. 



W 



Water, how to measure its velocity, 37. 

Water.blowing machine, 285. 

Water wheel, undershot, 11. Number 

of floatboards in, 18. Position of 

floatboards, 21. 
Wheels, on the teeth of, 119. Bevelled, 

on the formation of their teetli, 135. 

Friction, 173- Fly, 194. 
Wheels of carriages, on the advantages, of 

large ones, 212. On the position of, 

221. 
Wheel carriages, 210. On the forma- 
tion ef, 214. How to place the centre 

of gravity, 226. 
Whitehurst*s machine for raising water, 

287. 
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WinAj method of finding its Telocity, 76. 
By Coulomb, ib. 

Windmill, descriptioo of Verrier*!, 64. 
Thoie in Holland, 68. Saili, on the 
formstbn and podtion of, 69. A ngle 



Their effect in manufacturing ml and 
grinding corn, 82. Horisontal* 86. 
Compariaon between vertical and ho- 
rizontal ones, 87. Smeaton'e obaerra- 
tionson, 80. Coulomb's, 68. 



of their inclination, according to Pa- Wipers jof stampers, &c. mode of fotm- 

xent, H. nler*s theorem concerning, ing them, 126. 

70. £uler*s observations upon, 73. Wodff 's steam-engine, 104. 
Windmills, table of their power, &e. 74. 



JThe reader is requested to correct thejblhwing 

ERRATA: 

VOL. I. 
Page 16, note, dele the reference to a Supplementary Chapter on Magnetism; 



VOL. II. 

Page 63, line 10 from bottom, tot C D E, read A'E. 

92, line 21, for /, rend/'. 

93, line 17i the valve v is not seen in the Figure. 

98, line 3 fh>m bottom, the sjrphon e is not seen in the Figure. 
101, line 11, fori? read /3. 

107, line 6 from bottom, dele rf, 

108, line 20, for cocib, read cocit. 
136, line 3, for O O, read O. 
136, line 9, for 4 C, read 4 C c. 
161, line 4 from bottom, for or, read as. 

^ 184, lined, for circular, read circular aUemaiing, 
191, line 20, for Plate VII, read Plate V. 
191, line 6 from bottom, for Fig, 11, read Fig. 9. 
189, line 3 from bottom, for p D, read p ly. 
274, line 14, for Fig. 16, read Fig. 14. 
288, line 1, for Fig. 9, read Fig. 10. 
347, for Fig. 16, read Fig. 1, and for Fig. 17, read Fig, 2. 
349, for Fig. 3, read Fig. 4. 
•S61, lines 7 and 9 from bottom, for BAB, read RAP : for A CO, 

read AD; and for A D, read M T. 
364, line 1 from bottom, for A B, reiid A D. 



FINIS. 



Printed by Duncan Stevenson <J- Co, 
Parliament Stairs. 



\ 



J 



Fy. I. 




J- 



l- 



^ 



/ 



^ 



I 



/ 



/ 






-*" ' 



r 
f 



■'Ol 



i 



1 



i 



1 



> 




^ Jig.?S. 



\ 



t 



I 



k 



J 



t 



I 

k 

f 

I 

I 
I 



■.'3 



■A 






^ 




^ 



I 



Ji. 



c 



-4=z 




i^ 




rJ 



'r=^ 



t^ 



v 

f 



■ 



^ 



■ • r ^J 



yi^.i. ri^^- fig- 






1 



\ 



••. 



.] 



r 



c,' -r' 



.»*' • 



«C 



